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ABSTRACT
MODE CONVERSION AND WAVE-PARTICLE INTERACTION
PROCESSES IN THE SOLAR WIND
by
Edisher Kh. Kaghashvili
University of New Hampshire, December, *2002

This thesis presents the theoretical study of wave coupling and wave-particle interaction
processes in the solar corona and wind. We first investigate the effect of an inhomogeneous
velocity field on the propagation of waves in the solar atmosphere. We find th at coupling
between Alfven waves and fast magnetosonic waves can occur for parameters characterizing
the coronal holes. For streamer conditions, the Alfven wave couples to the slow magne
tosonic mode. In the inner corona, it seems that these two possible ways of coupling do not
occur simultaneously in the same structures, while beyond 5 - 1 0 R©, where the plasma (5
is about unity, both of them can operate a t the same time and the mechanism gets more
sensitive to the background plasma conditions.
The second part of the thesis extends the findings to determine the trajectory of waves
once they undergo much of the transformation. We then examine the propagation of fast
magnetosonic waves from the Sun’s lower atmosphere to the corona. The background in
which the launched wave propagates corresponds to the region from the photosphere to the
low corona, where the Alfven speed undergoes drastic changes. We find th at the frequency
shift of the local wave frequency due to the background flow is not significant enough to
move very low frequency waves to the high frequencies needed to resonate with ions.
A likely result of wave dissipation is the heating and acceleration of the solar coronal
xvii
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

particles. The third part of the thesis examines a specific wave-particle interaction in the
solar wind. Observational data show that alphas (He\*) and other ions in the interplanetary
medium have a tendency to stream near or below the local Alfven speed (V^) relative to
the main component of protons. To understand the details of the wave-particle interaction
process, we have performed hybrid simulations for a plasma, which consists of protons,
alphas and massless quasineutralizing electrons. In an initial phase, the protons are at rest
while alphas are streaming a t a given speed. In this medium, Alfven waves are launched
initially and our aim is to follow how the system develops in time when all the nonlinear
forces involved in the process are considered. The simulated result is th at the streaming
population of alphas generally decelerates towards the speed of the protons. The streaming
energy of alphas goes to their thermal energy. The predicted evolution of the bulk properties
of alphas is fairly consistent with solar wind observations.

xviii
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C hapter 1

Introduction
The Sun, an ordinary “G”-type star, delivers the energy to sustain most life on Earth.
The generation of this energy happens in the core of the Sun as a result of thermonuclear
reaction processes. The power release from the Sun that represents the main energy source
for Earth is quite stable and is about 3.86 xlO33 erg s-1 . This is an energy output that
is assigned to the “Quiet” Sun. The fluctuation about this average value due to the solar
activity is only about 10-4 of that. Considering that the Sun is so stable, one would wonder,
what is so special about the Sun that attracts the interest of thousands of scientists?! The
fact is th a t the Sun is the only star th a t can be studied closely to provide details of the
processes that are thought to be happening to all stars during their stellar evolution.
Some of those processes are not only of general interest from the astronomical point of
view, but they also correspond to those staged in various laboratories on Earth. Despite
different values of temperature, density or some other particular characteristics of the sys
tem, the values of the essential dimensionless parameters that govern the physical processes
correspond to those found in laboratory experiments1. Understanding the mechanisms of
i

these processes in space can create a solid ground for their further development in labora
tory conditions, and vice versa. This step can be crucial since the laboratory experiments
are the preliminary step for the further advances which can have an impact on our lives.

1Analogous situation exist in laboratory experiments where one studies the effect of turbulent flow on
the airplane. Despite the significant differences o f the actual values of individual parameters, an experiment
is staged so that the actual dimensionless Reynolds number is the same.

1
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The quest to use nuclear fusion as a power source is the most famous example.
In this thesis, we will focus on wave coupling processes in the solar atmosphere and
the solar wind due to the inhomogeneous velocity field, as well as wave-particle interaction
processes in the solar wind and their effects on the relative streaming between the protons
and different ion species.
The long standing mystery of the solar corona is the fact that its average temperature
of 2 —3 106 K greatly exceeds a characteristic solar temperature of 5600 K found at its
photosphere. At this moment, it is not quite clear how this transition of the temperature
happens. The flow of the solar wind out of the corona is also not well understood. The
high coronal temperature is the primary, but not the only, source of the solar wind that
starts in the solar atmosphere and reaches the far ends of our solar system. It was first
noted in Parker’s [1965] work on the theory of the solar wind supersonic expansion that
electron thermal pressure alone cannot account for the high solar wind speeds observed at
Earth’s orbit (1 AU). To achieve solar wind flow speeds in excess of 300 km s~l an energy
flux density of the order of 6 x 104 erg cm~2 s_1 has to be added to the thermal energy
flux [e.g., Leer, 1988]. This energy has to be deposited in the supersonic region of the flow,
as deposition in the subsonic region increases the mass flux rather than the speed [e.g.,
Leer and Holzer, 1982]. The structures responsible for the main mass flux of the solar wind
are called coronal holes. They are also the source of the fast solar wind. It is known [e.g.
Withbroe and Noyes, 1977] th at the energy flux density observed in coronal holes should be
about 8 x 105 erg cm~2 s-1 a t the coronal base. This cannot be supplied by a few million
degree corona. Thus, an additional energy source is required.
Magnetohydrodynamic (MHD) waves have long been suspected as a natural means of
i

transporting energy from the lower level of the solar atmosphere out into the solar wind.
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Observations reveal correlations between magnetic and velocity fluctuations th at appear
i

»

to be consistent with the presence of Alfven waves in the solar wind [e.g., Coleman, 1967;
Unti and Neagebauer, 1968, Belcher and Davis, 1971; Daily, 1973]. It is now recognized
that much of the detected microscale structure of the interplanetary medium a t 1 AU is
comprised of Alfvenic fluctuations with periods from a few minutes to a few hours, and
amplitudes SB comparable to the strength of the background magnetic field [Roberts, 1989;
and references therein]. These Alfven waves may be the energy source for the corona and
solar wind, but other waves should be considered also. The theory of acoustic waves has
been discarded for several reasons: the observed energy flux is too low [Athay and White
1977; Mein and Schmcider, 1981], and there is a strong correlation between energetic parts
of the solar atmosphere and magnetic structures [ Vaiana and Rosner, 1978, Golub et at.,
1980], which would not be expected from acoustic waves. Fast waves are likely to be totally
reflected in the chromosphere because of the rapid increase of Alfven speed with height
[Hollweg, 1983]. It was also shown that the slow and fast magnetosonic waves undergo
strong Landau and transit-time damping and therefore would not be expected to propagate
far into the coronal region [Barnes, 1966; 1968]. Alfven waves, on the other hand, are only
weakly damped, and they are not reflected as strongly as the fast waves. Thus, Alfven
waves are the most convincing possibility. Since first suggested by Parker [196-5], it has
been shown by numerous authors that Alfven waves with wave velocity amplitudes of ‘20
to 30 k m s- 1■a t the coronal base can play an important role in supplying the additional
energy flux to the solar wind. Measurements of the non-thermal spectral line broadening
and Faraday rotation [e.g. Hollweg et al., 1982; Withbroe et al., 1985] have shown that
the waves could have such an amplitude. Taking (du2) 1^2 = 30 km s -1 in each of the two
degrees of freedom, the Alfven speed V \ = 1.5 x 103 km s~l , and p = 3.4 x 10“ 16 g cm ~3
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gives a flux density of 9.2 x 105 erg cm~2 .s-1 which is enough to heat and accelerate high
speed solar wind streams [Hollweg et al., 1982]. The flux will be lower if some fluctuations
are associated with reflected waves. On the other hand, the actual energy can be enhanced
by non-WKB effects [Hollweg and Lee, 1989]. Thus, the energy flux of Alfven waves could
be sufficient, to heat the solar corona, and the remaining problem is to find a mechanism/or
mechanisms to dissipate this energy. It was shown th a t the radiation pressure associated
with outwardly traveling Alfven waves would do work on the inhomogeneous wind through
which they propagate [Parker, 196-5; see also Belcher, 1971; Alazraki and Coutvrier, 1971;
Hollweg, 1973,1978; Jacques, 1977]. Due to this process, energy is transferred from waves to
flow kinetic energy, and so the solar wind undergoes an additional, nonthermal acceleration.
Difficulties associated with Alfven waves are twofold. We do not understand how they
are generated (though numerous possibilities have been suggested), and due to their incom
pressible nature, they are very weakly dissipated and therefore lead to very little heating of
the plasma [e.g. reviews by Zirker, 1993; Cargill 1993]. It is well known th a t linear Alfven
waves propagating in a homogeneous medium do not exchange energy with the mean flow.
Hence, the question arises as to what kind of in homogeneities might lead to their dissipation
directly, or indirectly after mode conversion to other forms of MHD waves, which are more
dissipative. Mode conversion is the aspect which will be studied in this thesis. Alfven waves
have been investigated in great detail for many astrophysical and laboratory plasmas. A
summary of the status of laboratory experiments on Alfven waves and how they are related
to space observations was recently presented by Gekelman [1999].
There are other constraints placed on the actual dissipation mechanisms obtained from
solar wind observations. Recent Ultraviolet Coronagraph Spectrometer (UVCS) observa
tions [Kohl, 1995; Kohl et al. 1998] from the Solar and Heliospheric Observatory (SOHO)
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5
indicate preferential proton and heavy ion heating and acceleration close to the Sun. Both
i:
UVCS and in situ observations have shown that minor ions are more than mass proportion
ally hotter than the protons. The UVCS data suggest that the minor ions have much larger
perpendicular (Tj.) than parallel (T||) temperatures. These results suggest the existence
of a physical process, or processes, which preferentially heat protons and heavy ions. A
promising theoretical explanation for the above observations is an efficient dissipation of
high-frequency waves that are resonant with Larmor motions about the coronal magnetic
field lines [e.g. Abraham-Shrauner and Feldman, 1977; Dusenbery and Hollweg, 1981; Ryan
and Axford, 1975; Hollweg and Turner, 1978; Isenberg and Hollweg, 1983; Hollweg and
Johnson, 1988; Isenberg, 1990; Hollweg, 1999a-c, 2000a, b; Cranmcr ct a i, 1999]. If this
is indeed the case, different resonant frequencies of heavy ions will determine the amount
of heating and acceleration transferred from waves to each particle species as a function
of its gyro-frequency [e.g., Cranmer, 1998]. As an example, oxygen 0 +5 ions are much
hotter than protons, exceeding temperatures of 107iv below ZR q [Kohl, 1997]. The mirror
force associated with the diverging magnetic field of the Sun drives particles outward with
an acceleration proportional to their perpendicular velocity squared which is also propor
tional to an effective T ^frn (where in is particle mass). Minor ions might then be driven
out faster than protons because they are more than mass proportionally hotter than the
protons [Hollweg, 1999a-c].
There is another peculiar feature of the solar wind flow that itself is a result of differential
heating and acceleration of the solar wind particles. Observations show that the high speed
streams in the solar wind contain alpha particles which flow faster than the protons. The
differential streaming velocity between alphas and protons is directed along the background
magnetic field, Bo- This streaming behavior has been known for three decades [e.g., Robbins
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et. al., 1970]. After the initial acceleration stage, which is closer to the Sun than 0-3 AU
(the closest spacecraft have gotten to the Sun), the differential streaming velocity decreases.
Much study has been directed toward the observed deceleration of alphas with increasing
heliocentric distance [e.g., Asbridge et al., 1976; Neugebauer, 1981; Marsch ei aL, 1982; and
references therein]. This subject has acquired new interest after moredetailed observational
d a ta became available from the Ulysses spacecraft [e.g., Marsch et al., 1982; Feldman ei al.,
1996: Neugebauer et al., 1994; Neugebauer et al., 1996; Steinberg et al., 1996; Goldstein et
al., 2000; Reisenfeld et al., 2001]. Other minor ions are also observed to stream relative to
protons in the solar wind [e.g., von Steiger et al., 1995; Hefti et al., 1998]. However, alphas
constitute 4% of solar wind particle number density in a typical high speed stream while
other minor ions are far less abundant. Thus, the alphas represent the only dynamically
important minor ion which makes a significant contribution to the total solar wind mass,
momentum and energy fluxes. Processes affecting the alphas are then more important to
understand as compared with other minor ions. Available spacecraft d ata starts near 0.3
AU. Between 0.3 and 1 AU, the' mean differential streaming speed between alphas and
protons decreases with increasing heliocentric distance and follows approximately the local
Alfven speed, Va - Differential streaming speeds rarely exceed 2Va [e.g., Marsch el al.,
1982]. At greater distances (2-5 AU), Ulysses data indicate th at the mean speed continues
to decrease but more gradually than between 0.3 and 1 AU. The value of Va becomes nearly
constant between 3 and 5 AU. The continued deceleration causes the mean streaming speed
to fall below Va and to depart farther from it with increasing distance. Similar behavior
is also observed for other minor ions [e.g., von Steiger et al., 1995; Hefti et al., 1998], as
well as secondary proton components, which can be thought of as proton beams which flow
.i

i

faster than the bulk of the protons [e.g., Goldstein et al., 2000].
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C hapter 2

V elocity Shear-Induced Wave
Coupling in the Solar W ind and
Streamer Plasm as
We examine wave coupling processes due to inhomogeneous flow in different regions
of the solar corona and wind. For the reasons given in Chapter 1, we take the point of
view that the most important wave launched by the Sun is the Alfven mode. It is shown
th at a shear in the solar wind flow is capable of converting Alfven waves escaping from
the solar inner atmosphere into other types of MHD waves which can be more efficiently
dissipated. The efficiency of the coupling process depends on local characteristics of the
medium as well as the initial waves present in the system. In particular, the coupling is
both qualitatively and quantitatively sensitive to the plasma /? parameter (/? is the ratio of
thermal to magnetic pressure). Using the observational characteristics of different regions
of the solar corona and wind, we have chosen a few examples with different plasma P and
velocity shear parameters, to investigate the nature of the mode coupling. Two of the cases
are representative of coronal holes and streamers at a radial distance of 1.6 Rq. Another
example examines the effect of an increased velocity shear in the vicinity of a boundary.
We also study a case which represents solar wind conditions at 1 AU, where p is about
unity. We find for the Sun that the coupling between Alfven waves and fast magnetosonic
waves can occur in coronal holes, while for streamer conditions the Alfven mode couples
to the slow magnetosonic mode. Thus, in the inner corona, there are two possible ways
7
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of coupling which would operate in different solar structures. However, in interplanetary
space where ,8 is close to unity, both types of coupling can operate simultaneously. It is
argued th at the coupling is most efficient in the fast-expanding regions of polar coronal
holes. Finally, we consider the possibility of obtaining high-frequency waves from very low
frequency MHD Alfven waves. Some of the work reported in this chapter has already been
published [Kaghashvili and Esser, 2000].

2.1

Introduction

Alfvenic fluctuations have been detected in the solar wind plasma in interplanetary space
[Belcher and Davis, 1971], but are also thought to be present in the inner corona, [e.g.
Hollweg et al., 1982; Coles and Esser, 1992; and references therein]. However, because of
their incompressible nature, Alfven waves are difficult to damp. Studies of mode-conversion
of Alfven waves into other types of MHD waves which can damp effectively have been
carried out over the past two decades considering the effect of a random component in
the background magnetic field [Valley, 1971], the effect of random density fluctuations on
the Alfven wave dynamics [Valley, 1974], and geometrical mode coupling [Hollweg and
Lilliequist, 1978; Wentzel, 1989]. In these studies the usual Fourier transformation was
used. However, it has been shown th a t the usual mode analysis fails to describe wave
processes in plasmas with a shear velocity field [e.g. Trefethen et al., 1993]. The reason is
that the operators describing linear processes of such a system are far from normal, and
eigenfunctions strongly interfere. To deal with wave processes in the presence of shear
flows, the time behavior of the spatial Fourier harmonics can be studied in the Lagrangian
frame, which moves with the fluid. The mathematical formalism for this tool, called the
i

“non-modaF approach, was first introduced by Kelvin [1887; see also Koppel-1965; Phillips,
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L966; Craik and Criminate, 1986; Craik, 1989; Craik and Allen, 1992], and is already well
established and used for astrophysical applications [Marcus and Press, 1977; Butler and
Farrell, 1992; Balbus and Hawley, 1992: Chagelishvili and Chkhetiani, 1995; Tung, 1983;
Yamagata, 1976; Rogava et al., 2000; Zaqarashvili and Roberts, 2002].
Recently, the mechanism of wave transformation due to inhomogeneous flow, originally
suggested by Chagelishvili et al. [1996], was examined for solar wind plasma [Poedts, 1998;
Kaghashvili, 1999a]. ft was also suggested tiiat this mechanism could lead to the generation
of high-frequency fast waves from the low-frequency Alfven spectrum [Kaghashvili, 1999b].
The more than mass proportional ion temperatures observed in the solar wind [Kohl et al.,
1899; Esser et al., 1988; Cranmer et al., 1999] are widely thought to be the result of heating
by high frequency waves via gyroresonance with the particle Larmor motions [Hollweg,
1999a,b and references therein] l. Since the presence of inhomogeneous flows causes wave
coupling, it might play a role in ion heating by converting wave modes and frequencies
to others which are more susceptible to dissipation. In this chapter, we discuss the effect
of velocity shear on the transformation of Alfven waves into other types of MHD waves,
which can dissipate efficiently even in a collisionless plasma via Landau and transit-time
damping [Barnes, 1968; Hung and Barnes, 1973]. Our aim is to show the operation of this
mechanism in different structures of the solar wind/corona.
The outline of this chapter is as follows.

In section 2.2, the general theory of the

velocity shear-induced MHD mode conversion is discussed, along with a summary of the
characteristics of the fast, slow and Alfven modes. Mode coupling for coronal and solar
wind conditions is presented in section 2.3. In section 2.4, we go beyond MHD and discuss

1See also original papers where the heating by high-frequency waves was applied to the corona/solar wind
acceleration region by Hollweg and Johnson [1988] and Isenberg, [1990].
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how the shear coupling process affects ion-cyclotron waves. Discussion and conclusions are
given in section 2.5.

2.2

Governing Equations and Method of Analysis

The dynamics of the solar wind plasma in the MHD approximation may be described by
the following:
the continuity equation,
+ V-(/>V) = 0,

(2.1)

the equation of motion,

dV
l r + (V .V )V = - V P + — (V x B )x B ,
4 7T

( 2 .2 )

the induction equation,
dB
-5 r = V x (V x B ).

(2.3)

and the equation that determines the topology of the magnetic field,

V-B = 0,

(2.4)

where V and B are the velocity and magnetic field vectors, respectively, p is the density,
P is the pressure, and cgs units are used. To investigate the temporal behavior of this
system, we make use of linear perturbation theory, which means that all physical quantities
are decomposed into a sum of steady background quantities, 3>o» and small fluctuations,

$

=$■ $ 0 +
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(2.5)

11
Y

Vv = S y
*

X
Figure 2-1: An inhomogeneous velocity profile. The background flow is parallel to Bo and
sheared in the y-direction.
The local Cartesian coordinate system is taken to move with the mean velocity field,
and the background is assumed to be inhomogeneous due to the presence of a velocity shear:

po = const,

PQ = const,

B 0 = ( b 0, 0, o),

V 0 = (S y, 0, o),

(2.6)

where B q(= const) is the magnitude of the background magnetic field and S (= const) is
a parameter which characterizes the shear of the velocity field [Figure 2-1] (We will soon
consider a radial solar wind flow which varies in the transverse directions. In that case
x will correspond to the local radial direction, and y will correspond to the transverse
direction). Inserting (2.5) into equations (2.1)-(2.4) and neglecting products of perturbed
quantities, the following system can be obtained:

^

+ (V 0 - V ) / + />0(V-V') = 0,
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(2.7)

12
DV
+ (Vo-V)V' + (V,-V)V0 =
Cft

—

1

1

- - V P ' + ---- (V x B ')x B o ,
Po
4~po

+ (Vo-V)B' = (B'-V)Vo + (Bo-V)V' - B0(V-V'),

V-B' = 0.

(2.8)

(2.9)

(2.10)

where V', B', P' and />' are perturbations of velocity, magnetic field, pressure and density,
respectively.
It is seen that the operators in (2.7)-(2.10) are spatially inhomogeneous due to the spatial
dependence of the background velocity field. This does not allow us to perform the usual
Fourier transform [Trefethen et al.. 1993]. In this case, a suitable tool is to change variables
from laboratory to convecting, Lagrangian coordinates [Goldreich and Lynden-Bell, 1965;
Phillips, 1966], the general form of which is

r => r

t

=> t.

(2 . 11)

This transformation changes the spatial inhomogeneity associated with the velocity shear
into a temporal one. Afterwards, we perform the usual Fourier transform in space:

(2.12)

where $ / ( k , t) are Fourier harmonics of perturbations in the Ir-space. The main idea of
the “non-modal” approach is to study the temporal behavior of the Fourier harmonics. In
MHD this mechanism was first examined by Koppel [1965]. Despite the long history of this
kind of approach, the possibility of velocity shear-induced mode coupling was discovered
recently [Chagelishvili et al., 1996]. Our aim here is to apply the mode coupling mechanism
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to those processes that take place in the corona and solar wind. Applying transformations
!i
(*2.11)-(2.12) into (2.7)-(2.10) gives

+ ip o ( k x v ' + ky V' + k z V^j = 0 ,

^

(2.13)

(2.14)
avi
dt

B°
- i Ky C l I ±
+ I■-----4~po
Po

B'y - ky B'x\ ,

(2.15)

Bo
47rpo

B'x - kx B ' ^

(2.16)

9

II

SJ'I
x35 1<
<
dt

=

- i kz C%
*

J

S

Po

dBf

—

i

-----------------

= i kx B0 V ^

(2.17)

d B Z' __
dt = * kx B0 V!,

(2.18)

kx B'x + ky B'y + kz B \ = 0,

(2.19)

where pressure perturbations are taken to be adiabatic (P' = C^p'), C s is the local sound
speed, ky(= ky(t = 0) - kxS t) is a wave vector along the velocity shear in the Lagrangian
frame, and ky is the wave vector in the laboratory frame. Since the Cartesian coordinate
system that we are using is moving with the mean solar wind flow, the operation of the
shear induced mode conversion has to be understood as an ensemble of instantaneous local
pictures that change smoothly with radial distance.
In the absence of the background velocity field, the above equations lead to the following
dispersion relation

W6 -

\ k l VA +

k2(c2s+ F j ) ] ^ 4 + k lk 2 V l ( 2 C 2s + V 2) u 2 -

k*k 2 C 2sV \ = 0,
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(2 .20 )

14
which gives three different MHD modes:

(2.21)

(2 .22)
\ 1

(c l + v i)2

where k is the magnitude of the wave vector. V 2 = Bq/(4icpq) is the Alfven speed, and
subscripts a, f and s denote the Alfven, fast and slow magnetosonic waves, respectively.
The Alfven mode has V ' and B ' polarized normal to the k —Bo-plane. Since V •V ' = 0, the
mode is non-compressive, and therefore not subject to Landau and transit-time damping.
The other two modes have V ' and B ' in the k - Bo-plane. B ' is perpendicular to k, since
V • B ' = 0. In general V - V ' ^ 0, so that these modes are compressive (p' ^ 0) and readily
damped. In a low-/? plasma, we have V% > C | and thus u 2 ~ k 2 V \ and u/f s; k 2 C%. In
this case, the fast mode has V ' 1 Bo, while the slow mode can be thought of as sound
waves guided by mainly rigid magnetic field lines with V ' along Bo- On the other hand, if
(3 > 1 we have C |

V'J and thus oj2 ~ k 2C \ and u 2 ss k 2 V^. The fast mode is the usual

sound wave. The slow mode corresponds to incompressible flow through compressions or
rarefactions of the magnetic fields with V ' along Bo- Note that the Alfven wave has the
identical dispersion relation as one of the other two modes when k 2 « A-2; these two modes
are then said to be “degenerate” . This is when they are most similar and most able to
couple to one another.
When the velocity shear is small, the shear parameter acts analogously to the coupling
parameter between “weakly-coupled” oscillators [e.g., Crawford, 1966, Kotkin and Serbo,
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1971]. The smallness of 5 implies that the condition

(2.23)

is satisfied (i = a ,f ,s ) , which means that the temporal evolution of the wave frequency is
slow enough to make this process nearly adiabatic [e.g., Kotkin and Serbo, 1971]. Therefore,
in this case, the equations (2 .21 ) and (2 .22 ) are valid even if the wave vector along the veloc
ity shear, K y, changes with time due to the presence of the shear flow. The above equations
show' that the fast and slow magnetosonic wave frequencies become time dependent. In this
case, the invariant of the system is the wave action [E /u), not the wave energy (E). In
this respect the system behaves similarly to a single discrete oscillator which is subject to
a slow change in its defining characteristics [Einstein, 1911]. For Alfven waves, the wave
energy is also conserved since the oscillation frequency is constant. Further analysis of the
wave coupling process in the solar wind/corona is based on the evaluation of the temporal
behavior of the MHD wave frequencies. Details of how linear perturbations evolve in time
during the coupling process can be found in Chagelishvili [1996, 1997; see also Kaghashvili,
1999a; Kaghashvili and Esser, 1999].
A final dimensionless form of the governing equations is given by introducing the fol
lowing quantities:

Vp

—

Po

,

t

—

R'

kxCs t,

and parameters:

S

_

_ ky(t = 0) - kxS t
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(2.24)

where j = (x ,y ,z ), and S n is the normalized shear parameter. The final set of equations,
which governs the linear, adiabatic perturbations then reads:

=

- i [ u x + Kj,?;j, + K .r2],

(2.26)

A

=
dvy

- S nvy - i p ,

'

qt

=

.
“ * Kv P +

^

=

- i Kz p + — [(l + Kx)&* + K9K2fryj,

(2.27)

2i

[(* + Kl ) bv + Kv Kz b*] i

(2-2S)

(2/29)

db.
y = i v v,
dr

(2.30)

dbz
= i vz,
dr

(2-31)

where j3 = SttP 0 /B q is the plasma parameter and 7 = 5/3 is the specific heat ratio. Note
that f3 is also a measure of the ratio of the characteristic speeds, since C \ f V \ =

7 (3/2.

The major parameters of the above equations can be divided into two groups. First there
are parameters describing the medium, in particular, the ratio between the local sound speed
and local Alfven speed, and the dimensionless shear parameter of the velocity field. Second,
there are wave spectrum characteristics like frequency and initial wave vectors. Note that
the shear parameter also determines the variation of the wave vector with time. From the
equations of geometrical optics [e.g., Weinberg, 1962] we have for the chosen configuration

kx

= const = 1,

kz — const,

Ky =

kv ( t

= 0) —Snr.

(2.32)

1

If kz is small (but not zero), and Ky passes through zero a t some r« > 0, then k « kx and
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the waves are nearly degenerate and likely to couple. This will be shown in some depth in
|i
the next section.

2.3

Mode Coupling for Coronal and Solar Wind conditions

Before we start to analyze the wave coupling processes based on the governing equations
obtained above, let us first determine what are the ranges of the m ajor physical parameters.
We calculate the plasma parameter /? from recent observational constraints in the inner
corona. For the high speed solar wind a t 1.6 R q (R q is the solar radius), we choose a
proton temperature of Tv ~ 2 x 106 K [Kohl et al., 1998; Esser et al. 1999] and an
electron temperature of Te = 8 x 105 K [David et al., 1998] which give a sound speed,
C s—200 km s~ l . Using the electron density, ne = 6.7x 10s cm -3 at the same radial distance
[Fisher and Guhathakurta, 1995] and extrapolating the magnetic field from values at 1 AU,
B e = 2.8 x 10-5 G, leads to an Alfven speed, Va , in the range of 1330 to 2530 km s-1 ,
depending on the assumed geometry of the magnetic field, which expands faster than radial
[Munro and Jackson, 1977]. Thus, the plasma (3 is in the range 0.0075 < /? < 0.027, and as
an average value for the inner corona, we choose ;3=0.013. In interplanetary space /3 ~ 1.0.
In addition we choose another

value as representative of a coronal streamer, /? = 3. This

case is of interest since models of coronal streamers predict high values of j3 [Suess et al.
1996] which were confirmed by observations [Li et al., 1998].
Another important quantity that governs the coupling and characterizes the medium is
the shear parameter. The velocity shear is present in boundary layers such as plumes vs
non-plume regions and coronal hole boundaries. Assuming Vjiow = 100 km s -1 a t 1.6 Rg
[e.g. Esser et a i, 1999] and the difference between its mean and boundary values to be
25-30% of V/iow [Habbal et al., 1995], gives the sheared velocity field, V, to be ~ 30 km s~ l .
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In general the sheared velocity field may be caused by a more than radial expansion or
by a boundary layer. In the inner corona where expansion of the flow tubes may deviate
significantly from radial in coronal holes as well as streamers, both factors may be strong
and operate together. The local shear parameter decreases where a moving fluid element
does not “feel” an influence of boundary effects, i.e. far from boundaries. Beyond the
Alfvenic point where the flow velocity of the high speed wind is about 750 —800 km s ~ \
we adopt V~10 -3 V jhw Note th at the shear parameter will be strongly enhanced close to
the interplanetary current sheet, which is usually a region of slow flow surrounded on both
sides by fast wind.
The dimensionless shear parameter is defined as

5* “

where lx ~

2 ~ /k x,

~ C s * 2 x l'

(2-3J)

with lx and L characterizing the spatial inhomogeneities of the waves

in the radial and transverse directions, respectively. To investigate the dependence of the
mode conversion on the plasma /? and shear parameter, we choose the components of the
initial wave vector to be fixed for all cases. To eliminate the wave spectrum dependence in
the coupling processes, we adopt the following relationship for the wave spatial scale

kx L = 5.

(2.34)

As an example, if L = 1R@ and VA = 2000 km s-1 , then an Alfven wave with a period of
about 400s would satisfy (2.34).
Assuming (2.34), we can work within the local theory when the wave propagating into
the plasma does not “feel” its spatial inhomogeneity, and (2 .21)-( 2 .22 ) are approximately
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valid. This way, we focus on the influence of local plasma conditions on the wave coupling
it
processes. Note that in dimensionless form, all the components of the wave vector are
normalized to its radial component, kx . Substituting (2.33) in (2.34) and considering
V = 30 km $~l and C's = 200 km s~ l leads to Sn=0.03 at a radial distance of 1.6R q .
For interplanetary space, taking C s — 50 km s -1 , an analogous discussion leads to a
dimensionless shear parameter of Sn=0.0032. We also need to determine two dimensionless
quantities: Ky(0 ) and kz th at characterize the initial waves. Since our aim is to examine the
dependence of the wave coupling on the plasma parameters, we keep the wave parameters
fixed a t «y(0) = 5 and kz = 0.1. This implies that the wave scale-size along the shear is
smaller than the radial one: Ky(0) = k y/ k - = l- /ly. The smallness of

assumes the fact

that the variation along the third, longitudinal direction, is negligible. Choosing k , to be
small means that kxs kx when k y passes through zero (see eq. 2.32). This allows the waves
to be nearly degenerate and likely to couple.
As examples of the general plasma conditions, we thus choose the following sets of
parameters: A. 0 = 0.013 with Sn = 0.03. B. ft = 0.013 and S n = 0.1. The latter shear
parameter will be more representative of regions close to the boundaries of the fast solar
wind flow where the gradient in the velocity field is large [e.g. MacGregor and Charbonneau,
1994; and references therein]. C . /? = 3 and Sn = 0.03 and D. /? = 1.1 and S n = 0.0032.
Cases A and B represent extreme coronal conditions since the maximum possible value of
the coronal magnetic field was used giving the smallest possible /?.
We now proceed to examine the mode conversion for the different wave parameters
described above. We first estimate when coupling will occur by examining when the waves
become degenerate. We plot w,- (i = a, / , s) using (2.21)-(2.22), and (2.32). Coupling will
occur when two frequencies approach each other implying degeneracy. The solid lines of
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Figure 2-2 show the Alfven, fast and slow magnetosonic wave frequency curves for case
A. When /3<C1, the frequency curve of the slow magnetosonic wave is close to zero and is
almost constant, because u s is nearly independent of Ky. Note also that in our description
of the solar wind plasma with a homogeneous background magnetic field and density, the
Alfven wave frequency does not change in time.
Wave conversion is possible when the dispersion curves of different modes approach
each other. Figure 2-2 shows that coupling can occur between the Alfven and fast modes,
since these are the modes which can become degenerate when /? -C 1. The condition
relevan t

in the case of weak coupling is

with a. surrounding range, 2 A t , called the

“Degeneration Region” [after Chagelishvili et al., 1996; see also Kotkin and Serbo, 1971].
This range determines the duration of the time interval

r , — A t < t < t, +

A t,

(2.3-5)

when efficient energy exchange happens. (Here again r = r . when the wave vector along
the velocity shear vanishes, i.e. Ky = 0. This is the time when the frequencies of two different
modes are closest, and the waves are most nearly degenerate.) A t becomes smaller as S n
increases [Kotkin and Serbo, 1971]. For large shear parameters there is less time for energy
transfer between the different modes and the coupling becomes less efficient (We will return
to this matter later in this chapter.). In case A, the frequency condition u j ~ u;a is satisfied
a t about r = r. = ky(0 ) / (kxSn) ~ 166, which follows from (2.32). The slow magnetosonic
wave is totally decoupled from the other two modes, in virtue of the smallness of j3.
A comparison between cases A (solid lines) and B (dashed lines) in Figure 2-2 demon
strates the effect of increasing S n. According to (2.32), increasing the shelar parameter
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Figure 2-2: Temporal evolution of the dispersion curves of the Alfven, fast and slow magne
tosonic waves for extreme coronal hole conditions: cases A. /? = 0.013 and S n = 0.03 (solid
lines), and B. {3 = 0.013 and S n = 0.1 (dashed lines). The initial dimensionless parameters
are taken to be Ky(0 ) = 5 and kz = 0.1. T he time, r, is measured in units of l/(C'sA‘x).
Oscillation frequencies of all MHD waves are normalized to the Alfven frequency, which
is constant for our homogeneous background plasma. The graph shows th at for a given
initial wave Vector, the smaller the shear param eter the longer it takes for the coupling to
occur, which follows from (2.32). It also shows that the coupling lasts longer when the shear
parameter is smaller.
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Figure 2-3: The figure demonstrates how the coupling processes depend on the plasma
parameter, (3. Dispersion curves of the Alfven, fast and slow magnetosonic waves correspond
to cases A. /? = 0.013 and S„ = 0.03 (solid lines), and C. (3—Z and S n = 0.03 (dashed lines).
The initial dimensionless parameters are taken to be Ky(0) = 5 and kz = 0.1. The time, r,
is measured in units of l/(C $kT). Oscillation frequencies of all MHD waves are normalized
to the Alfven frequency, which is constant for our homogeneous background plasma. The
condition, 13 = 3, corresponds to the dense coronal structures. The graph shows that in the
coronal hole conditions only fast magnetosonic wave and Alfven wave coupling is possible,
while in streamer conditions only slow magnetosonic wave frequency curve approaches to
Alfven frequency curve.
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Figure 2-4: Temporal evolution of the dispersion curves of the Alfven, fast and slow mag
netosonic waves for two cases: A . (3 = 0.013 and Sn = 0.03 (solid lines), and D. P — 1.1
and S n = 0.0032 (dashed lines). The initial dimensionless parameters, as in previous cases,
are taken to be Ky(0) = 5 and kz = 0.1. The time, r, is measured in units of l/{C skx).
Oscillation frequencies of all MHD waves are normalized to u a, which is constant for our
model plasma. If /? « 1, coupling between all three modes can occur.
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reduces r„. Consequently, the wave conversion of the Alfven to the fast magnetosonic wave
occurs sooner. It can also be seen th a t coupling lasts longer in A than B.
Given the values of r, in Figure 2-2, what are the corresponding physical times? We
have (see 2.24) t. = {r,VAP) / (2xCs) independent of the value chosen for kx L (here P is
the period of the original Alfven wave). For case B, we have r„ = 50, and with

=

2000 k m s-1 , C s = 200 km s~l , and P = 440 s, we obtain t = 9.7 hours. At Va =
2000 km s ~ \ an Alfven wave would propagate 100R© during this time interval, i.e. well
out of the coronal region we are considering. Under these circumstances, mode coupling
would not occur in the corona. From (2.32), t, can also be written

(_ = *,(< = 0 ) Ei J.
v -

<2'36>

If we retain the previously used values for Va , V, and ky(t = 0)/fcx, and if we require
Va I. < 1R©, we find L < 2100 km. Velocity shears of 30 km s _1 over scales of 2100 km
seem unlikely in the coronal holes, though they cannot be ruled out. However, our local
analysis, which requires kxL > 1, would now imply wave periods less than about 6 seconds.
This scenario seems unlikely, since a variety of radio science d ata indicates th a t most coronal
fluctuations power is at much longer periods, of order of hours. The alternative is to take
ky(t = 0 )/k x -C 1, so that the waves are essentially degenerate initially.
The dependence of this process on the plasma parameter, /?, is demonstrated in Figure
2-3 by comparing case A (solid lines) to C (dashed lines), which is characteristic of coronal
streamers. As can be seen, there is a qualitative difference between the two cases. In C the
preferential mode conversion is Alfven wave to slow magnetosonic wave, since those are the
modes which can become degenerate when 0 > 1.

s
i'
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la the examples shown in Figure 2-4 both parameters j3 and S„ are changed. The
<i

solid lines represent again case A , while the dashed lines are representative of conditions
in the solar wind a t 1 AU (case D). The most important difference between these two
cases is the time delay related to a decrease of the shear parameter. Note that in case D,
both coupling processes may be allowed since all these modes can become degenerate when
/? « 1. Comparison between cases A, C , and D demonstrates th a t the mode coupling is
very sensitive to f).
We again ask whether the coupling can occur for short values of £« in the solar wind.
From (2.36), with ky{t = 0)/kx = 5, L = 1R©, and V = 0.8 km $~l , we obtain t, = 50
days, which is clearly unreasonably long. For solar wind “microstreams” [Neugebauer et
a i, 1995], we could take V = 40 km s ~ l and L « 10" km (the size of a structure which
corotates with the Sun for the observed half-life of 0.4 days, observed a t r = 2 AU at a
latitude of 70 degrees). In that case t , = 14 days, which is still unreasonably long. As
before, the coupling occurs quickly only if ky(t = 0) /k x C 1 to begin with.
So far, we have discussed a possible scenario of the mode coupling process based on the
dispersion relations of MHD waves. Let us demonstrate the actual nature of this process
by considering the transformation of the Alfven wave to the fast magnetosonic wave by
actually solving (2.26)-(2.31). Parameters correspond to the solar corona: /? = 0.013 and
S n = 0.05. We now take Ky(0) = 2 , to reduce the interval of time in which no coupling
occurs. We consider the initial perturbation to be a pure Alfven wave and look at its
evolution. The velocity and magnetic field perturbations of the Alfven wave are related by
V '= -B '/(4 jrp o )l/2.
Figure 2-5 shows a transformation of the Alfven wave into the fast magnetosonic wave.
It traces some of the important characteristics of the system: the density variation, p and
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Figure 2-5: Transformation of the Alfven wave into the fast magnetosonic wave. The
Figure shows the evolution of the some of the important characteristics of the system: the
density variation, p and the variations of all components of the velocity field (only the
real parts are plotted). The shear is 5 n = 0.05 and /? = 0.013. The initial perturbations
are: p(0) = 0, ur (0) = 0, vy{0) = -0.05, i?2(0) = 1, by(0) = 0.00520416499867 and
M 0) = —0.10408329997331. Initial wave vector components are taken as Ky = 2 and
k- =

0 . 1.
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T
Figure 2-6: The temporal evolution of the total energy of the perturbations which consist
of the kinetic, magnetic and compressional energy of perturbations. Initial parameters are
the same as in the previous graph and only the real parts of the V', B ' and p ' are used. As
expected, an initial Alfven wave does not exchange energy with the medium (solid white
line), while after the transformation of the wave has begun, the energy exchange between
the wave and the mean flow occurs. The result of this process, for our initial parameters,
is that the wave takes some energy from the background flow.
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the variations of all components of the velocity field (Recall that p = 0 and vx = 0 for
the Alfven wave, and in a low /3 plasma V ' for the fast wave is mainly in the y-direction
if |£y|

\kz\, as is the case at early and late times in Figure 2-5). As time progresses,

the initial pure Alfven wave, transverse and non-compressive by nature, begins to drive
longitudinal and compressive features, and after the transformation region is passed, we
have a mainly compressible fast magnetosonic wave in addition to the Alfven wave. This is
verified in part by showing that (p /v y){VAfCs) approaches -1 at late times in the simulation;
this is the expected relationship for a fast wave with ky < 0 and |fcy|

|A:-| in a low (5

plasma. Figure 2-5 shows a particularly interesting feature. Though the frequency of the
Alfven wave remains constant, the frequency of the driven fast wave initially matches that
of the Alfven wave, but then increases with time. The reason is straightforward. In a low
/? plasma (2.22) gives u j « (fc2 + &2 + k\)V%. The quantities kx and kz remain constant,
but after ky = 0 and the coupling takes place, k 2 increases again in virtue of (2.32). Thus
u increases. However, the rate of frequency increase is slow. For example, from (2.32) the
time required for k2 to go from zero to 3k \ (which would roughly double u j if kz is small) is
ti = Zlf 2L /V , which is comparable to the values of £, discussed in connection with Figures
(2.2), (2.4) and (2.5). These times were generally quite long, except perhaps for the solar
wind microstreams for which t 2 ~ 5 days.
Let us consider the evolution of the total energy of perturbations. The energy density is
v 2 + b 2V%/Cg + p 2jc |p o /2 , where the real parts of v, b and p are used. In Figure 2-6 we
plot the quantity in brackets, which we denote E . As can be seen, during the transformation,
the total average fluctuation energy increases (the solid white line). This additional energy
is accumulated because of the shear velocity flow. It is known that the Alfven waves do not
t

exchange energy with the mean flow while magnetosonic waves do (our numerical example
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Figure 2-7: The Figure shows the density variation, p and the variations of all components
of the velocity field (only the real parts are plotted). The shear is S n = 0.05 and j3 =
0.013. Initial wave vector components are taken as Ky = 2 and kz = 1, and the initial
perturbations are: p(0) = 0, ux(0) = 0, vy(0) = -0 .5 , ux(0) = 1, 6y(0) = 0.05204164998665
and M 0) = -0.10408329997331.
also demonstrates this). In our case the resulting wave strengthens because of the gain of
energy from the mean flow. As the fluctuations gain energy, the velocity profile becomes
smoother.
For comparison, we have also plotted the case with k, = 1, again for low beta. In this
case kz is not small, the Alfven and fast modes do not become degenerate, and the coupling
is very weak. Figure 2-7 shows the evolution of the density variation, p and the variations
of all components of the velocity field. As is seen the components of the velocity and the
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magnetic field of the Alfven wave rotate so that the wave remains a nearly pure Alfven
mode. Note that p and vx are small, and th at the wave polarization rotates mainly into
the y-direction when tzy = 0 a t r =

t

„

= 40. This is the expected behavior of the Alfven

wave, which has V ' and B ' perpendicular to both k and Bo- In effect, the wave refracts
essentially according to WKB theory, but remains an Alfven wave'[e.g., Weinberg, 1962;
Volk and Alpers, 1973].
We have said that the coupling between the Alfven and fast modes in the low /3 plasma
requires k . <C 1, but what is the actual criterion? Since the coupling depends on (u j —wa),
we propose th at coupling requires

d[uj - (Og)

w/ - “ a ^ UJ -

dr

(2.37)

be satisfied. Here u j and u a are in our dimensionless units. The right-hand side of (2.37)
defines an inverse time during which coupling occurs; in effect, the right-hand side is roughly
l/2 A r, where A t was defined in (2.35). Thus (2.37) is ( u j—u>a)(2Ar) £ 1, which states the
coupling is strong only during the time interval when the Alfven and fast modes can remain
in phase. (This is the behavior of a simple harmonic oscillator driven close to resonance).
For the low /? plasma we take

u j zz {I + *1 + k* )—

2

2
j/3 '

(2.38)

(2.39)

We shift the origin of time so that r = 0 when Ky = 0 (i.e. r , = 0); we then have Ky = —SnT
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(2.32). Since the coupling occurs when Ky and kz are both small, we write

( 2 .4 0 )

It is convenient to introduce the new variables r ' = (2/ 7 /3) 1/ 2 and S'n = (2/ 7 /3) 1/f2Sn. The
coupling criterion (2.37) then becomes

(m i ,

Figure (2-8) shows the right-hand side of (2.41) as the diagonal line, and the left-hand side
as the two curves. We have taken S n = 0.05, /? = 0.013, and 7 = 5 /3 , giving S ' = 0.0052.
The lower curve is for kz = 0.1 and the upper curve is for k- = 0.2. Criterion (2.41)
is satisfied r ' & 46 in the former case (ignoring the very small region near r ' = 0), but
it is not satisfied in the latter case. Thus in the former case we expect coupling during
-4 6 & r ' £ 46, i.e. A t ' « 46.
If we convert (2.41) into an equality, we can solve for the positive value of r ' at which
the left-hand and right-hand sides intersect; that value of r ' is A t'. The quartic (2.41) can
be solved analytically, but the result is too cumbersome to be of use. The solution to the
quartic can be expanded in powers of k2, however, giving

_ 3888 x 21/3 (S ' ) 8/>3 -

1296 k2 (S'n)2 - 162 x 22/3 Kj (S'n) ^
1944 x 22/3 (S4 )10/ 3
‘

1

1

Unless S„ is very small, A t ' is a decreasing function of S'n, in agreement with the discussion
of Figure (2.2). However, (2.42) and (2.37) only qualitatively reproduce the expectation
that A t ' —> 0 as S ' -4 0. (2.42) also only qualitatively reproduces the fact that increasing
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Figure *2-8: The Figure shows the variation of the right-hand side of equation (2.41) (solid
line) and two curves representing the left-hand side of (2.41) for kz = 0.1 and kz = 0.2
(dashed lines). The shear parameter, S ' is 0.005*2.
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kz

militates against coupling. By comparing (2.42) with the exact solution to (2.41), we
ij

offer the following rule-of-thumb: the value of k z at which coupling ceases is given roughly
by taking A t ' to be 60 percent of its maximum value in (2.42).
If S'n is sufficiently large, or k- sufficiently small, the first term in (2.42) suffices. Then

A r' «

/ 2 \ 2/3
J .

(2.43)

In terms of the original dimensional variables, this gives

/ o \ 2/3

{kxVA)~lfz .

(2.44)

As a numerical example, consider an Alfven wave with a period of 400 s, giving kx VA =
27t/400 = 0.0157 s ~ l . Taking 5n = 0.05 and C s / V a = 0.1 (i.e. coronal hole values) implies
S = 7.9 x 10-5 s -1 , which in turn corresponds to a velocity shear of 55 km s~ l over 1 Rq.
Then (2.44) gives a coupling time 2Ai = 1.9 hours. Since a 200 km s -1 solar wind travels
only 2 R® during this time, this number does not seem unreasonable.
Finally, Figure 2-9 summarizes how the mode coupling process depends on the plasma
parameter 0 . The quantity, Aw? (z = / , s), in the figure is defined as | w? - ^

I/ I

I

obtained from (2.21)-(2.22). The figure shows the minimum value of Aw? for given plasma
parameters and waves. It is achieved by assuming that ny = 0, which gives, in our case,
the smallest possible difference for the wave frequencies. The figure is illustrative, with
kz

= 0.1. The figure reiterates the point th at for a low 0 (/3<1) plasma, the only possible

mode coupling is the Alfven wave to fast magnetosonic wave (Figure 2-9, dashed line) and
vice versa. It is seen that for small /?, the frequencies approach each other sufficiently to
make wave coupling possible. With increasing 0, Aw^ increases and the Alfven and fast
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Figure 2-9: Frequency difference curves,
i(= [w? - u l\j\u \\) vs /3 (plasma beta), of
fast and slow magnetosonic waves (dashed and solid lines, respectively), where kz = 0 . 1.
When Au?? approaches zero there is a possibility of mode conversion. From [Kaghashvili
and Esser, 2000].
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magnetosonic waves cease to couple (/? ;> 1.2 ) while the possibility for a coupling between
|S
the Alfven and slow magnetosonic waves, which was not allowed for f3 <; 1.2, now increases.
Note that (3 = 1.2 corresponds to the ratio, V^JCs = 1, when the specific heat ratio, 7 , is
5/3.

2.4

High Frequency Waves

The previous discussion was for MHD, which is a fluid view. We now consider the individual
protons and electrons, i.e. we describe things as two fluids. The physical picture is similar to
that used in the previous section with a Cartesian coordinate frame and the x-axis parallel
to a background magnetic field
B 0 = (Bo, 0 , 0) .

(2.45)

In the laboratory frame, the velocity field for both electrons andprotons isassumed to be
the same along the magnetic field. The coordinate system in whichwe study

the process is

chosen to be fixed relative to the mean velocity flow

V0p = V 0e = ( S y , 0, 0).

(2.46)

In the steady state, the number density of both species is the same no = «oe = n 0p giving
electrical neutrality. Following the linear wave theory, all variables may be decomposed
into mean and perturbed components. Then we introduce new one-fluid variables for the
perturbed quantities:

p' = mene' + mpnp

V' =

m «V e' + mpV p^

Jf =

y

_

me + mp
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that lead to the final set of equations obtained by adding and subtracting the original
two-fluid equations [KraiI and Trivelpiece, 1973]. The variable quantities in (2.47) are
density, velocity of the center of mass of the system and the current associated with linear
waves, respectively. To simplify this problem, but detect the phenomenon, we make the
following assumptions: 1 . The process is non-relativistic so that the'displacement current
can be dropped, i.e., ( 1/c) #;E ~ 0, 2 . the plasma is always electrically neutral, i.e., pq =
e(np - n e)~ 0, and 3. the plasma is assumed to be cold and magnetically dominated: C |~ 0
(this corresponds to coronal holes). The final system of the governing equations is:

8V'
1
p0~ W + ^ V ° ‘ V)V/ + A >(V '-V )V 0 = - J'x B o ,

^

at

(2.48)

2- r£ , [ V ' xBq+ V qxB'
+ (v„.v)j' + (j'.v)v„= 532
mu

e ( top
c ym e

m e\ J 'x B o
rripj me + m p

3' = — V x B ',
47T

(2.50)

(2.51)

c at
V-B' = 0.

where po = no{me + m p) and

(2.49)

(2.52)

After some intermediate steps, the

induction equation can be written as:

d_
(1 - A2V2) B' + (V 0 • V) [(1 - A2V2) B'] = ([1 - A2V2] B '-V )V 0
dt

-Bo (V-V) + (Bo -V) V ' + A2 ([V x V 0]-v)[V xB ']
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4

4jreno m e + m p (B° ‘v ) ( ^ xB /)
“

(2JO)

where A = (m^c2/4ite2no)1^2 ~ (me/m p) l^2VA/Cip is the collisionless skin depth. Note that
in the long wave-length limit (k -*• 0 ), the above equations reduce to the set of equations
given earlier in this chapter for MHD waves (see appendix A for further details).
Since the final system is spatially in homogeneous due to thespatially varying background
velocity field, we perform the same kind of transformation outlined in section '2.2. In
particular, we change variables from the laboratory to convecting, Lagrangian coordinates:

- / v ° dt,

t

(2.54)

=*• t.

Afterwards, we perform the usual Fourier transform in space:

4>'(r,f) = j <£/(£, t) x exp(ii-r) dk,

(2.55)

which allows us to write the components of the linear wave equations:

dV'

Ot
dV*
dt

=

- SV,

~ * 47rpo [kxB 'y

(2.56)

K yBr\

(2'57)

■ B° ] k z B'x - kx B
4jt/>0 i

[

(2.58)

J^[(L + A:2A2)B;] = i k xBoV' -

JsfczA2 + ^ 2 | [kzB'x - kx B': ],

(2.59)

^ [ ( l + fc2A2)B ;j = i k x B0V' -

S k 2X2 + ^ 2

(2.60)

[kx B'y -

K yB'x\ ,
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kxB'x + K yB'y + kzB'z = 0

(2.61)

where 9 M= 9 e9 p/ ( 9 e - 9 P) ~ 9 P, 9 e is the electron gyro-frequency and 9 P is the proton
gyrofrequency.
In the absence of the background inhomogeneous velocity field, the above equations lead
to the following dispersion relation:

tjj4 —

k 2x + k ‘2
1 -f A:2A2

k2
k 2 xV 2
(1 + k 2\ 2) 2

v

*„2

A

+

(l + k 2 A2) 2

= o

(2.62)

which gives two different modes, modified Alfven and fast magnetosonic modes:

W/,a =

k2 + k2
k2
+
1 + fc2 A2
(1 + fc2A2)2 9.1

k2
W 2
(fc-fcr )2
x
+
1 + k 2 A2 ' (1 + k 2 X2 ) 2 9 2

Y l

2

k2
{k + k x ) 2
+
1 + A;2A2
(1 + k 2 X2) 2

92

V2
-f,

(2.63)

In a “weakly” sheared velocity field, when the shear parameter, 5 , is small, the oscillation
frequencies are nearly the same as in (2.63), but the wave vector along the velocity shear
changes with time.
Let us analyze (2.63). Taking the steady state magnetic field, Bo, to be 2G gives,
= 1.9 x 104Hz [Huba, 1998]. As an example, if we consider th at the initial Alfven wave
frequency, u a, coincides with the five-minute oscillation, then the ratio,

is ~ 10-6 .

Note th a t for frequencies associated with the long-period waves observed in the solar wind,
this ratio will be even smaller. After the transformation, the frequency of resultant fast
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Figure 2-10: High Frequency Alfven and fast magnetosonic wave frequency plots. The
propagation angle between k and Bo of a given wave is taken to be 30 degrees.
magnetosonic waves when r -> oo and ky —>oo increases and is given as

v\
f-*oo

In our description of the solar wind plasma, this represents the upper limit for the resultant
wave frequency. However, for the parameters which are reasonable in the corona and solar
wind, the frequency upshift will be modest, and never come close to Qp, much less to
( f i pQ e) l / 2 .

.

Figure (2-10) shows the u vs k plots for the Alfven and fast magnetosonic waves. The
angle between k and Bo is 30° degrees. As discussed earlier, the frequencies of the different
modes have to be close in order to the coupling to occur. The plot shows th a t for higher
frequencies, u /Q i > 0 . 1, the u>a and us/ curves differ enough that mode coupling cannot
occur. The plot shows that the two curves come closer in a low frequency limit when the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

40
MHD description is appropriate.

2.5

Discussion and Conclusions

The main goal of this chapter was to examine how the velocity shear induced mode coupling
i

process works in different structures of the solar atmosphere. The particular characteristics
of this process introduced by local plasma properties such as plasma /3 and inhomogeneity
of the flow was investigated. We found that in the inner corona there is an efficient coupling
between the Alfven and fast magnetosonic waves in low density coronal hole plasma (see
Figure 2.4, case A ), while the coupling between Alfven and slow magnetosonic waves seems
to be more relevant for dense structures of the solar atmosphere such as streamers (Figure
2.4, case C). Beyond the Alfvenic point where the ratio between the plasma pressure to the
magnetic pressure is close to unity (Figure 2.5, case D ), the possibility of both Alfven wave
to fast magnetosonic wave and Alfven wave to slow magnetosonic wave coupling exists, the
preference being determined by the exact local plasma conditions.
A general picture of a solar wind th at incorporates velocity shear induced mode conver
sion processes can be drawn. Mode conversion can occur in the rapidly expanding regions
of coronal holes where the velocity shear is relatively large due to the divergent geometry.
A part of the Alfven waves propagating from the photosphere along the open magnetic field
lines is efficiently converted into fast magnetosonic waves. Since the fast waves can dissi
pate via Landau and transit-time damping, this process could lead to additional heating
of the solar wind and might contribute to producing high-speed streams in coronal holes.
Moreover, a frequency upshift of the driven fast waves might conceivably allow the waves
to become cyclotron resonant, offering yet another dissipation mechanism. O ur conclusions
i

regarding both these dissipation mechanisms are, however, disappointing.
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First, it must be realized that Landau damping requires u / k x ~ V^erma/- In coronal
i;
holes, this condition is not satisfied for the protons since u / k x £ VA and Vth.erm.ai
VA.
(Some heating of the electrons is possible, however, since they do satisfy this criterion.) O ut
in the solar wind, however, where

« 1, protons (and other ions) can be Landau resonant.

Second, we have also shown that the time necessary for the Alfven waves to reach the
transformation region is too long, unless Ky(r = 0 ) /k x & 1. We also found that another
important quantity involved in the mechanism is k-. The condition for wave transformation
is that the wave frequencies have to become approximately equal. For the Alfven to fast
magnetosonic wave transformation process, this requirement leads to the condition

k,

<C 1-

Thus only a small part of the Alfven wave spectrum might convert to the magnetosonic
modes.
The third issue is the frequency upshift, which we will consider in detail in Chapter 3.
However, here is a simple preliminary argument showing that the frequency upshift will
be moderate. We begin by estimating roughly the distance the wave travels between two
specified time steps. Our main interest here is the distance along the velocity shear since
in the real astrophysical circumstances, the flow has its own finite structure. Details of the
wave trajectory analysis are given in the next chapter, but here we will only use some of its
major principles. The wave travels along the velocity shear with a speed:

I-

fc -

™

The right hand side of the equation will be different for different waves and will be dispersion
relation dependent. Note that the Alfven waves propagate along the same field line all the
time and dy/dt = 0. Here, we will examine the above quantity for the fast magnetosonic
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waves. Assuming th at the plasma is uniform and magnetically dominated (low @), the
dispersion relation for fast magnetosonic waves is quite simple: u 2 = k 2 V$, where u =
u —kxVx is the Doppler-shifted frequency in the frame moving with the plasma. Integrating
the above expression and considering the time dependence of the wave vector component
along the shear, leads to

Ay = y{tf ) - y{U) = -

Va

------------------------------------------------- t - t /

y / 4 + (M * = 0) - kxS t ) 2 + Jfcf

(2.65)

t=ti
where y(£,) is the y coordinate of the fast wave a t

t—

y{tj) is the y coordinate at a later

time t = tj. If we assume that £,• = 0 corresponds to the time when the wave vector along
the shear vanishes, i.e. ky[t = 0 ) = 0 , then the change of the position along the velocity
shear will be:

We now estimate roughly the maximum possible frequency upshift for the fast magne
tosonic wave. Suppose that the fast wave resulting from the coupling process increases its
frequency N times in the frame moving with the plasma. For the case being considered, a
simple calculation suggests that

kisn2
- = \\ / 1 +. 7k2
#T
2 = NUi
+ 7k2

(2-67)

Substitution of this in (2.58) gives the distance the wave travels along the shear:

|Ay| = y /k l + k2

( n - l).

(2.68)
f

Taking Va = 1.5 x 103 km s _1, y/k^ + k?/kx « 1 and S = 0.03 (Taking V = 30 km s~ l
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and L = 1000 km) gives
i;
| Ay| = 5 x 106 (N - 1) km.

(2.69)

Assuming th a t the transversal scale-s*i2e of the coronal hole is about R©, and th a t |Ay|
can be no larger than that, gives the frequency upshift N = 1.14, which corresponds to
14% increase in original oscillation frequency. On the other hand, to increase the frequency
1000 times would require the fast wave to travel about 7 x 108 km « 103 R© distance
transversely, which is of course absurd.
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C hapter 3

Wave Tracing Equations in
Spherical Geometry
One of the results of the infinite shear treatm ent in the previous chapter was th a t the
frequency of the driven fast magnetosonic wave increases so that ojj(t — oo) —» QeQp. This
implies potential resonant damping of these waves on ions, though our estimates indicated
th a t the frequency upshift was rather slow. Our purpose in this chapter is to examine
what happens with the driven fast wave in the real solar atmosphere, and how the real
solar environment can support the physical picture which was derived for an infinite shear
velocity profile. Since our main focus will be the evolution of the fast waves after they are
produced, the coupling process is not essential and ray tracing is more appropriate. Our
main finding here is th at for the structured solar atmosphere, refraction cannot upshift
very low frequency waves to high frequency waves. We find that the final upshift is very
limited and no approach to resonant frequencies is possible when starting from the typical
low frequencies of observed waves. As an example, we consider a fast magnetosonic wave
propagating in the jower solar atmosphere with a specific background flow' profile. We find
th a t the frequency shift is only a fraction of the wave initial frequency. We also study the
conditions th a t determine the reflection of fast magnetosonic waves.

44
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3.1

Introduction
ij

Deposition of wave energy into plasma energy' is believed to be the main factor that drives
the solar wind at speeds observed in the interplanetary medium. Specifics of the wavemedium interaction have been a long standing problem in solar physics. In the previous
chapter, we studied the mode coupling process for low frequency MHD waves as well as for
waves that were not restricted in frequency. One of our results based on the infinite shear
treatm ent was that the oscillation frequency of the resultant fast magnetosonic wave will
increase with time. The questions that we ask ourselves in this chapter are the following:
what is the real frequency upshift the driven fast wave can get in the realistic solar atmo
sphere? and how does the structuring of the medium affect this process? In this regard, an
important step is to obtain ray equations which describe the path of a wave packet. For the
Sun, spherical geometry is appropriate and a t issue is the correct form of the ray equations
in spherical geometry. The model can also be advanced by considering time independent
flows representing differential rotation, meridional circulations or outward solar wind flow.
Calculations of the ray path for acoustic-gravity waves in spherical geometry in the non
rotating case were done by D ’Silva and Duvall [1995; references therein]. A similar study
that deals with the ray equations, in the presence of horizontal subsurface flows, was carried
out by D ’Silva [1996]. An analogous discussion was given earlier in general terms by Gough
[1993].
This chapter is structured as follows: in 3.2 basic ray equations in spherical geometry are
presented. The behavior of wave vector components in spherical geometry and their spatial
derivatives are discussed in 3.3. In section 3.4, we consider the propagation of the fast
magnetosonic wave into a model of the solar atmosphere. Final discussion and conclusions
are presented in section 3.5.
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3.2

Basic Ray Equations

The ray equations in any geometry are: The equation for the path of a wave packet, r, is
determined by the group velocity
- = —
dt
0k ’

(31)
1 ’

and the equation which describes the evolution of k

dk
y = - V U.

(3.2)

From the total time derivative of any vector in spherical geometry [e.g., Symon, 1971],
we can write components of equation (3.1) as

dr _
dt
dS
r T77
dt =
. „d<j>

du
dkr ’
du
*17’
dkg ’
du

(3.3)
(3-4)

and components of (3.2) as

dkr
, dO
~dt ~
Ht

~dt ~ ~ krd t

^=

.
*sln

+

. ndd> „ i
— I’

H-H’

ht,case~i: ~

,
(*•«>

(3-7)
(3-8)

where the last terms are components of the frequency gradient which have to be evaluated
carefully using an explicit form of u for a given problem.
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3.3

Wave Vector in Spherical Geometry

The transformation of wave vector components from Cartesian k = ( kx , k y , kz ) to spherical
k = ( kr , kg, k,*,) is given by

k r = kx sin 9 cos <j>+ k y sin 9 sin
kg = kx cos 6 cos 4> + k y cos 9
k$

+ k z cos 9,

(3.9)

sin 4> —k z sin 9,

(3.10)

<f>

= —kx sin <j>+ k y cos <f>,

(3.11)

while the. inverse transform has the form:

k x = k r sin 9 cos <p + kg cos 9

cos <j>—k^ sin <f>,

(3-12)

k y = k r sin 9 sin 4>+ kg cos 9

sin <j>+ k# cos<f>,

(3.13)

k z = k r cos 6

— kg sin 9.

(3.14)

In the following, we will evaluate the spatial derivatives of k using the fact that the
Cartesian wave vector components are to be treated as constants [Gough, 1993]. As an
example, one can take (3.11), differentiate with respect to <f>, and then substitute kx and k y
from (3.1*2) and (3.13). These operations lead to

3 k

0 <p

=

—kx

cos <j> -

k y

sin <f> =

- k r

sin 9

-

k$

cos 9 .

(3.15)

Similarly, one can obtain all spatial derivatives:

d k r

n

a T = 0'

d k r

d k r

.

'
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dkg _
dr
dr

dkg _
80 ~

’

dkg _
d<j> ~ k*cosd'

~*nr =

=

^ r r = - k r sin 0 - kgcosd.
do

00

(3.18)

Since we have all the derivatives, one can verify that
i

V k 2 = 0,
V (k j + A:2) = - 2 k rV k r,
(V-V)k = 0,

(3.19)
(3.20)
(3.21)

where V is any velocity field.

3.4

Fast Magnetosonic Wave in the Solar Atmosphere

To apply the above equations to a solar example, we have chosen to consider the propagation
of the fast magnetosonic wave into the solar atmosphere when there is a radial flow present.
Our aim here is to demonstrate how the frequency changes due to the structuring of the
lower solar atmosphere and to show other effects of the structuring on wavepropagation.
For propagation only

inthe meridional plane, the dispersionrelation of the fast magne

tosonic wave in low /?-plasma can expressed as

C? = (* | + *r2) l / 42,

(3.22)

which is equivalent of assuming C | = 0. Q is the Doppler shifted frequency measured by
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an observer moving with the flow. The background magnetic field is given as

B 0 = ( B0, 0, O).

(3.23)

The general form of the wave frequency gradient is given as

v([*J
=

+ kl]V\)
2

Z

<3'24)

Assuming that the velocity field is along the magnetic field, and varies only in r, i.e.

Vo = ( VQ{r), 0, 0)

(3.25)

and that the variations along the p-axis are negligible, the final ray equations can be derived:

§ = > 4 + |* 3 .

(3.26)

<

- >

<«»>
which governs the fast wave propagation in the spherical geometry. Note that the system
has a conserved quantity, kgr. It can be easily checked that

!(V )= 0 .

(3.30)

This just follows from simple geometry. As field lines fan out at larger r, the ^-gradients
are correspondingly reduced. As we will see later this condition plays an im portant role in
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determining whether the fast waves are able to escape from the lower solar atmosphere. A
more detailed mathematical description of the fast magnetosonic wave in the lower solar
atmosphere can be found in appendix B.
To investigate the propagation properties of the fast magnetosonic waves further, we
need t.o model the background density and the magnetic field strength th a t correspond to
the coronal holes, which are where the fast solar wind originates. As an example, we have
chosen the electron number density to be:

”e =

Ri™ + W™ + W

(*3 *3 1 ^

where a = 3.2x10s cm-3, b = 2.5xl0 6 cm-3 , c = 1.4x10s cm-3 and R is the normalized
distance from the Sun in Rq units; the first two terms are from coronal hole data reported
by Feldman et al. [1996], while the last term represents solar wind observations far from
the Sun. The magnetic field is assumed to be expanding radially, and its value at 1 AU is
taken to be

B r<\A U

— 2-8 x 10-5 G. Since the magnetic flux has to be conserved

Bqt 2 = const.

(3.32)

The radial dependence of the magnetic field is then

B0 = 1 .2 9 x -^ .

(3.33)

Afterwards, we can evaluate the radial dependence of the Alfven speed from its definition:
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Figure 3-1: The radial dependence of the Alfven speed (a) and radial velocity (b). R is
the normalized radial distance measured in Rq unit. Fa(R©) = 1-56 x 107 cm s -1 and
Vo(R©) = 3 x 105 cm s -1 are the corresponding velocity values at R = 1. The shown
dependence is derived from the observational d a ta and two conserved quantities: the solar
magnetic flux and the solar mass flux.
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Figure 3-2: Figure shows the wave trajectory in the (7*, 0)-plane. An initial fast magnetosonic
wave with u = 0.0206 s-1 was launched from 0 = 0° upward at an angle of 17.7 degrees
from the vertical. Arrows indicate the propagation direction of the wave.
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V \ = Br/^/Airp. Another conserved quantity is the mass flux:

r 2pV0 = const,

where we will use the observational data, which suggests that (neVo)

(3.34)

= 2.16x10s cm~2$~l

[e.g., Feldman et a i, 1997]. The final profiles of the radial velocity and the Alfven velocity
are given in Figure 3-1. Note that Vo is always small compared to Va, and the flow has
little effect on the wave propagation.
For the demonstration purposes, we have chosen an initial fast magnetosonic wave with
a period close to 5 minutes (to = 0.0206 s _1 = o>o). Initial normalized wave vectors are
k r = 1.25 x 10-9 cm -1 and kg = 0.4 x 10-9 cm -1 at R = 1; the ray is launched 17.7
degrees from the vertical, which allows it to propagate a modest distance into the corona
before being reflected. Figure 3-2 shows the trajectory of the fast magnetosonic wave in the
meridional plane, while Figure 3-3 presents the evolution of individual components of the
wave vector and spatial coordinates.
Figure 3-4 shows the evolution of the local wave frequency in the moving plasma frame
and total wave frequency (local -F Doppler shift) in the S uns frame, in time. As expected
the total wave frequency is constant in time, while the local frequency depends on the
velocity field as well as the parallel wave vector with respect to the velocity field. We see
th a t the change of the local frequency in extremely small, which of course is a consequence of
the fact that Vq

Va in the part of the corona to which the waves are confined. The wave-

particle interactions, such as cyclotron resonance, are determined by the local frequency.
Though there is some upshifting of the local frequency at late times in Figure 3-4, it is seen
to be inconsequential.
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Figure 3-3: Figures a and b show the temporal evolution of the spatial coordinates, R and
0. The turning point occurs around R = 1.3. Figures c and d show the evolution of the
wave vector components, kT and kg.
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Figure 3-4: The time history of the local wave frequency, u>[oc (Lagrangian frame), and total
wave frequency, u>tot (Sun’s frame), during the wave propagation.
The trajectory of the fast magnetosonic wave shows that the wave is reflected a t a radial
distance R « 1.3 and travels downward afterwards. This is a consequence of the following
condition for the fast magnetosonic wave reflection:

kl =

OJ

B- v \ - v r

(3.35)

With the help of the dispersion relation (3.2*2), this condition can be obtained by setting
dr/dt = 0 in (3.26); see also Appendix C for alternative, and more complete, discussion.
Using equation (3.30) and defining the initial wave vector components a t R = 1, we
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can predict what will be the 0-component of the fast magnetosonic wave at a given radial
distance:
*1 = f f ,

(3-36)

where kgo is the value of kg a t R = 1. The condition for the fast magnetosonic wave
reflection in this case reads:
R? = V } - V £ '

(3‘37*

The physical basis for reflection lies in the structuring of the lower corona, where the Alfven
speed increases very rapidly in virtue of (3.31). This causes the right hand side of (3.37),
which is greater than the term on the left side initially, to drop faster, so th at the above
condition is met at some level of th e solar atmosphere. As discussed in Appendix C , above
that level the wave becomes evanescent, and there is total internal reflection.
Since 1'0 <. Va at R = 1, we have from (3.22) that u ~ k(ro)VA(r0), (3.37) takes the
alternate form
sin2 *o -

»
v A

(3.38,
~

M)

where 3>o is the angle between the wave vector and the vertical at R = 1. Figure 3-5 shows
the case of the fast magnetosonic wave launched at R = 1. In this case, the largest possible
3>o for a wave, which can escape into the solar corona without total reflection is « 11°
degrees from the vertical.

3.5

Discussion and Conclusions

In this chapter, we have examined a possible frequency upshifting of a fast magnetosonic
i

wave in a simple model of the structured solar atmosphere. We have derived the general set
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Figure 3-5: The largest possible launching angle for the fast magnetosonic waves originated
at r = R q , which can escape into the solar corona.
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of the governing equations that evaluates the path of the wave in the spherical geometry.
As a particular example, we have launched the fast magnetosonic wave from the base of the
solar atmosphere and followed its trajectory upward. As was expected [Hollweg, 1978]. the
solar structuring does not allow any fast waves associated with the 5 min oscillations to
propagate very far into the corona. We also found that frequency upshift the plasma frame
is extremely small.
This concludes the fluid description of the plasma in which the linear evolution of waves
have been studied. The next chapter deals with the wave-particle interaction processes in
the solar wind, and the kinetic description of the plasma is used.
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C hapter 4

Deceleration of streaming alpha
particles interacting with waves
and imbedded rotational
discontinuities
The interaction between waves and ions in the solar corona and the solar wind can lead
to ion heating and ion bulk flows. Here we will consider detailed kinetic processes which
occur among large-amplituae and low-frequency Alfven waves. Such waves are observed
by by spacecraft from 0.3 AU and outward from the Sun, especially in the fast wind. In
this fast wind, alphas (He4+) and other ions are found to stream faster than the main
component of the protons. With increasing heliocentric distance, the differential streaming
speed decreases. In this chapter, we will examine the relationship between nonlinear Alfven
waves and the deceleration of streaming ions.

4.1

Introduction

High speed streams in the solar wind contain alpha particles {He\+) which flow faster
than the protons. The differential streaming velocity between alphas and protons is di
rected along the background magnetic field, Bo- This streaming behavior has been known
for three decades [e.g., Robbins et. al., 1970; Neugebauer, 1974]. Much study has been
directed toward the observed deceleration of alphas with increasing heliocentric distance
[e.g., Asbridge et al., 1976; Neugebauer, 19S1 and references therein]. This subject has

59
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acquired new interest after more detailed observational information became available from
the Ulysses spacecraft [e.g., Marsch et al., 198*2; Feldman el al., 1996; Neugebauer et al.,
1994; Neugebauer et al., 1996; Steinberg et al., 1996; Goldstein et al., *2000; Reisenfeld et
a l, *2001].
Other minor ions are also observed to stream relative to protons in the solar wind [e.g.,
von Steiger et al., 1995; Hefti et al., 1998]. However, alphas constitute 4% of solar wind
particle number density in a typical high speed stream while other minor ions are far less
abundant. Thus, the alphas represent the only dynamically important minor ion and have
a significant contribution in the total solar wind mass flux, as well as in its energy flux.
Processes affecting the alphas are then more important to understand as compared with
other minor ions.
Although deceleration is observed far from the Sun (0.3 AU and outward), the alphas
v

first need to be accelerated in order to account for their streaming. Close to the surface
of the Sun, strong Coulomb collisions in the dense solar atmosphere would prevent large
streaming speeds between ion species. Thus, between the lower solar atmosphere and 0.3
AU, alphas must have been accelerated. The most likely place for this to have happened is
in the nearly collisionless corona between 1 .5 -5 solar radii. Recent observations from the
Ultraviolet Coronograph Spectrometer (UVCS) instrument aboard the Solar Heliospheric
Observatory (SOHO) spacecraft [e.g., Kohl et. al., 1998] have found that minor ions have
more than mass proportional heating and much larger perpendicular (T±) than parallel (T||)
temperatures. Observations are in best agreement with ion-cyclotron resonance mechanism
[e.g., Ryan and Axford, 1975; Abraham-Shrauner and Feldman, 1977; Hollweg and Turner,
1978; Isenberg and Hollweg, 1983; Hollweg and Johnson, 1988; Jsenberg, 1990; Hollweg,
i

1999a-c, 2000a, b; Cranmer et al., 1999; Hollweg and Isenberg, *2002; Cranmer, 2002].
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Hollweg [1999a-c] showed that the mirror force associated with the diverging magnetic field
*
of the Sun drives particles outward with an acceleration proportional to their perpendicular
velocity squared. Minor ions might then be driven out faster than protons because they are
more than mass-proportionally hotter.
Available spacecraft data start near 0.3 AU. Between 0.3 and 1 AU, the mean differential
streaming speed between alphas and protons decreases with increasing heliocentric distance
and follows approximately the local Alfven speed, VA. Differential streaming speeds rarely
exceed 2VA [e.g., Marsch et al., 1982]. At greater distances (2-5 AU), Ulysses d ata near
the ecliptic indicate that the mean speed continues to decrease but more gradually than
between 0.3 and 1 AU. As the magnetic spiral becomes more tightly wound, the value of
VA becomes nearly constant between 3 and 5 AU. The continued deceleration causes the
mean speed along Bq to fall below VA and to depart farther from it with increasing distance.
Similar behavior is also observed for other minor ions [e.g., von Steiger et al., 1995; Hefti
et al., 1998], as well as secondary proton components [e.g., Goldstein et al., 2000].
Another related aspect of this process is the heating of the alphas. Typically the alphas
are 3-5 times hotter than the protons in the high speed streams [e.g., Feldman et al., 1996].
Reisenjeld et al. [2001] have shown that the deceleration of alphas is accompanied by an
increase of their thermal energy. The heating process is evident from the fact that their
perpendicular temperatures do not decrease as rapidly as expected from adiabatic expansion
[e.g., Marsch et al., 1982],
The purpose of this Chapter is to address the cause of the mean speed deceleration of the
alphas and their related heating. There are several mechanisms which have been proposed
to explain this behavior. The first mechanism proposed involved Coulomb collisions acting
as a drag force on the streaming [e.g., Spitzer, 1962]. Comparison of the collision time with
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the solar wind expansion time suggests that this process is ineffective in the high speed
streams [e.g., Neugebauer et. al., 1996].
Another mechanism, originally proposed by McKenzie et. al. [1979], was based on the
operation of a so called rotational force. Its existence was deduced from the fact that
the radial differential streaming speed decreases with distance from-the Sun. Hollweg and
Isenberg [1981] showed that this force is actually a simple consequence of particle motion
in a potential field. Calculations show that the streaming speed decreases with increasing
distance from the Sun. However, this mechanism can only explain about 10-20% of the
deceleration between 0.3 and 1 AU. The differential effects of the Alfven wave ponderomotive
force (also referred to as the wave pressure) were investigated by Hollweg [1974], Goodrich
[1978,1981], Barnes [1979], and McKenzie et al. [1979] (see also the discussion in Hollweg
and Isenberg [2002]). If the background magnetic field Bo and the flow are purely radial
(i.e., ignoring the rotational force discussed above), then the ponderomotive force tends to
equalize the velocities of alphas and protons (Va and Vp respectively) according to (Va —
Vp){Va + Up)(l+ < SB 2 > /B%) = const, where < SB 2 > is the magnetic variance of
the Alfven waves. Since (VQ + Vp) as constant far from the Sun, and since < SB 2 > /B q
increases with increasing heliocentric distance r, it can be seen th a t (V^ - Vv) must decrease
with increasing r. If the waves evolve according to WKB, one has < <5B2 >oc r -3 far from
the Sun. For a radial field we have B q o c r~2. Thus we expect (Va - Vp) oc

(1 +

r/ro )-1 ,

where ro is the value of r where < 5B 2 > /£?„ ~ 1- Though this effect is not negligible,
it acts too slowly to explain the observed behavior beyond 0.3 AU. Moreover, this effect
can not explain the observation that the lost kinetic energy of the alphas is balanced by an
increase in their thermal energy [Reisenfeld et al., 2001].
i

Different microinstabilities have been long suggested to decelerate the streaming speed
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of the alphas in the solar wind [e.g., Daughton and Gary, 1998; Daughton et al., 1999; Gary
•i

et al., '2000a, b]. They operate when a certain amount of streaming energy becomes avail
able for perturbations to grow. This area of research is very active due to its applicability to
the solar wind and to the complex nature of these instabilities which are highly dependent
on local plasma parameters and the streaming speed itself. These instabilities can operate
in different regions of the solar wind. The most pronounced one is the magnetosonic inode
instability which develops fastest parallel to Bo when the streaming speed exceeds a thresh
old value (~ 1.7Va) . In hybrid simulations with particle ions and fluid electrons, one finds
that initially unstable streaming alphas decelerate only a fraction of the total speed below
the threshold value and then become stable [e.g., Goldstein et al., 2000; Gary e t a l, 2000a,
b]. This instability then faces some difficulties in the solar wind due to the high threshold
value which can bound the streaming speed from above but cannot give a mean speed well
below the threshold value.
A lower threshold can be obtained when the alphas have a temperature anisotropy so
that

< I, as is observed in the solar wind. In this case, Li and Habbal [2000] and Gary

et. al. [2000 b] have shown that the threshold of the magnetosonic instability is below Va
for /3||p > 2 where /?yp is the ratio of parallel proton thermal to magnetic pressure. However,
such /?||p values are more typically found beyond I AU [e.g., Reisenfeld et al., 2001].
Another type of microinstability generates Alfven waves at a threshold speed near Va but
is mostly limited to plasmas with /3yp<Cl. This instability would only operate in coronal
conditions. No microinstabilities have been found with a threshold near Va which can
operate everywhere between 0.3 and 1 AU where most of the deceleration occurs. Reisenfeld
et al. [*2001] have suggested an alternative wherein instabilities occur only in local spatial
regions of the solar wind with smaller than average values of local Va - Streaming alphas are
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assumed to encounter these regions with sufficient occurrence frequency to slow the alphas
in a progressive manner.
A fourth genre of mechanisms arises when fluctuations produced from turbulent cas
cades interact with alphas. Alphas could be strongly affected by this because high speed
streams are full of turbulent Aifvenic fluctuations. Near 1 AU, the total magnetic intensity
or magnitude of the fluctuations is of order of Bo- The power in the fluctuations is contin
uously distributed over a large range of wavenumber k with power falling steeply with k.
Typically, ions only resonate with waves a t large k where fluctuation amplitudes on average
are far smaller than Bo- This then justifies a quasilinear treatment for the ion-fluctuation
interactions.
A quasilinear interaction of particles, which involves only resonant waves, can lead to a
significant energy exchange between particles and waves. Thus far only parallel propagating
waves and their interactions with alphas have been examined. For a cold electron-proton
plasma, parallel propagating waves resonate with test alpha particles when the differential
streaming speed UQp is less than ss 0.2V a and more than ~

2 VA,

depending on whether

the wave polarization is lefthanded or righthanded. Thus, there is a large gap around
VA where no resonance between waves and the alpha particles occurs. The picture be
comes more complicated when the effect of the alphas on the dispersion relation is taken
into account [Hollweg and Isenberg, 2002; Gomberoff and Elgueta, 1991; Gomberoff et al.,
1996a, b; Gomberoff and Astudillo, 1999]. These processes were also examined for the warm
plasma using a second-order theory [e.g., Gary and Feldman, 1978], which can examine the
stochastic scattering of ions due to a sufficiently broad distribution of waves, as could occur
in a turbulent cascade. Gary et. al. [2001] applied this theory to examine the behavior
i

of streaming alphas. They have found th a t a given distribution of wave fluctuations can
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regulate the value of Uop a t a rate which depends on Uap and /3||p. For (5\\P < "2.0, alpha
i;
acceleration occurs for all values of the streaming speed. There is no deceleration. For
Uap < O.5 I 4 , there is a relatively large amount of acceleration which increases with de
creasing Uap- For larger £/ap, the acceleration is very small. For /?||p > 2.0, there is a line
of no streaming speed change with time a t Uap ~ 0.8 Va which separates a region of accel
eration a t lower Uap from a region of deceleration at higher Uap. Starting above or below
the curve near 0.8Va causes Uap to approach a point on this curve with time. Thereby, one
would expect that the mean streaming speed for a sample of alphas would most likely be
found near this curve, as long as /?j|p>2.0.
At high /?j|p which is typical of Ulysses observations between 2 and 5 AU, the mean
streaming speed of alphas is below Va- Results of Gary et al. are consistent with these
observations because they find that the streaming speeds should approach a curve near
O.8 K4. However, when (3\\p < 2.0, no mean speed is approached in theory, aside from an
expected upper bound due to microinstabilities. Moreover, only acceleration is predicted
in this range. Thus, their mechanism cannot explain the greatest amount of deceleration
which is seen between 0.3 and 1 AU where B\\P £ 1.
Turbulence, in nature, is often accompanied by intermittency [e.g., Frisch, 1995; Horbury et al. 1996]. Intermittency can arise when current layers appear in the overall turbulent
environment. Its importance increases toward smaller scales, especially where dissipation
occurs. These current layers have large amplitudes when imbedded within Alfvenic fluctu
ations.
Solar wind discontinuities which have field rotations are ample in the solar wind, but they
are observed in decreasing numbers with increasing heliocentric distance [e.g., Behannon,
1978; Neubauer and Bamstorf, 1981; Lepping and Behannon, 1986, Tsurutani and Ho,
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1999]. When ions interact with these layers, quasilinear treatments will be invalid. Therefore
a full nonlinear interaction could arise with aspects which differ from the expectations of
quasilinear treatments.
Our investigation focuses on imbedded RDs which are layers of abrupt magnetic field ro
tation where the magnetic intensity is preserved. These RDs have nonzero normal magnetic
field components and propagate. RD layers represent one form of interm ittent structure
in the solar wind. Their potential importance for alpha interactions arises because they
propagate near VA ahead of protons and are layers extending across background magnetic
field lines so that streaming alphas must eventually encounter them.
Vasquez and Hollweg [1996; 1998a, b] have shown by simulations how the steepening of
initial Alfven waves lead to the generation of imbedded RDs with properties th at correspond
well with solar wind RDs. The simulated RDs are stable against ion wave dispersion which
suggests th a t solar wind RDs have the longevity to interact with many particles in the solar
wind. However, on a time scale of tens of hours, RDs can be disrupted in a nonuniform
medium due to cross-field gradients of VA [Vasquez and Hollweg, 2001]. This has been
suggested to contribute to the observed decline of solar wind RD numbers with heliocentric
distance.
The study of ion interactions with RDs has long been of interest.

Mostly protons

were examined in this context [e.g., Swift and Lee, 1983]. RDs characteristic of magne
topause conditions have been shown to be weak reflectors (2 - 4%) of incident protons [e.g.,
Krauss- Varban, 1993; Vasquez and Cargill, 1993]. Recently, the interaction of the ions with
steepened Alfvenic wavefronts was studied in the work of Heinemann [1999]. Heinemann as
sumed that the steepened front had a width of order of a proton gyroradius and significantly
i

reflected all ions. He proposed that proton reflection at these fronts would explain their

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

67
heating in the solar wind. For the alphas and heavy ions, Heinemann concluded that they
•i

would be reflected more efficiently than protons due to their larger gyroradii. By means
of test particle and numerical calculations, he further argued that they would be reflected
multiple times and become trapped between steepened fronts so that their streaming speeds
would tend to relax to ~ K4. Observations indicate that the width of RDs is of order of ten
of proton gyroradii which significantly differs from the value used in Heinemann’s study.
Krauss-Varban [1993] and Vasquez and Cargill [1993] have shown th at in simulations with
realistic RDs, proton reflection is not an efficient way to heat protons. No comparable hy
brid simulations exist for heavier ions to assess Heinemann’s predictions concerning these
ions.
Due to the complexity of RD-ion interaction, a fully nonlinear treatm ent of the problem
is required to reveal the very nature of the process. In this Chapter, we will use hybrid
simulations to examine the interaction of waves and RDs with protons and streaming alphas.
We will find that a significant interaction occurs which affects the bulk properties of alphas
in a manner which is fairly consistent with those in the solar wind. We will also consider
cases with streaming Oxygen and Neon and find similar behavior.
The outline of the Chapter is as follows: Section 4.2 gives simulation results of ion
interactions with waves and imbedded RDs. In section 4.3, we examine the causes for
streaming speed change with time. Section 4.4 examines some noted fast wave evolution
and numerical 'issues. Section 4.5 applies our results to the solar wind, and in section 4.6,
we summarize our conclusions.
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4.2

Simulation Initial Conditions and Results

We will examine the interaction of waves and RDs with the alphas and protons using 2 |-D
hybrid simulations. The background plasma consists of particle protons and alphas and of
fluid electrons which are taken to be massless and quasineutralizing. The time step used in
t

the simulations is O.O-Sftp1, where fip is the proton cyclotron frequency. Correspondingly,
the time normalization factor is Q~*. Positions are normalized to the proton inertial length
cju p where c is the speed of light and u>p is the proton plasma frequency. The simulation
results to be shown in this section are performed on 128 by 128 grids in the xy plane with
cell sizes of 1.96 c/w?.
The initial waves are given a wavelength of ~ 251 c/a>p (k c/u p = 0.025). At this scale,
the initial waves are long enough to be dispersion less but small enough to distinguish the
ion gyromotion over several wave periods. Each initial wave is a linearly polarized Alfven
wave with magnetic field [<5B|/Bo = 0.5cos(k • x - Ljt). The dispersion relation of Alfven
waves satisfies

fk ii = ±

_

U gpm a n o

(1 + mQnQ)2

n

1/2

+ sign(Ue,p -B 0)

1 + mana

(4.1)

in the rest frame of the protons, where u is the wave frequency, Aj| is the wave number
parallel to Bq, Uap{> 0 ) is the differential streaming speed along Bo normalized to Va , mQ,
and n0 are the mass and number density of alphas respectively normalized to proton mass
and background number density [e.g., Barnes and Suffolk, 1971; Gomberoff and Elgueta,
1991]. The corresponding velocity fluctuation for species s (electron, proton or alpha) is

5 V S = -sign (fy) T~ —sign(Us • B 0) Us
kit
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where (Js is the streaming speed of species s.
{S
Eighty protons and eighty alphas per cell are distributed according to a drifting Maxwellian.
Protons are taken a t rest, and the drift velocity of alphas is specified for individual runs.
The initial alpha temperature Ta is taken to be 4 times the proton temperature Tp so that
T0/T p = 4. Temperatures will be given as energies normalized to £ o / 47rnpo, where rtpo is
the initial background number density of protons. For initially uniform number densities of
the protons and the alphas, we set Upo = 1 and nao = 0.04 (normalized to ripo). Then the
electron number density ne normalized to ripo is initially 1.08. These values o f TafT p and
na/n p correspond to those typically seen in the high speed solar wind.
We have examined the evolution of waves and RDs with two basic orientations of

Bq

with respect to the simulation plane. Section 4.2.1 examines wave and ion evolution when
Bo is in the simulation plane. In this case, we will show that RDs are approximately steady
for significant periods of time. Only wave refraction can occur here when wave nonlinearities
generate pressure balanced structures (PBSs) across Bo- These simulation results will allow
us to evaluate wave and RD interactions with ions in a relatively simple setting.
In section 4.2.2, the more general case with Bo situated outside the plane of wave vectors
is examined. Here, resonant absorption or cross-field transfer can occur as well as refraction
when PBSs are generated. We will present a case where PBSs give a significant cross-field
gradient of Alfven speed. This substantially enhances the wave and RD interactions with
ions.

4 .2 .1

Bo in th e S im u la tio n P la n e

The evolution of a pair of initial Alfven waves is examined where Bo = Bqx 5c lies in the
simulation plane. The wave vectors of two initial Alfven waves are shown in Figure 4-1,
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'o
l

Figure 4-1: Wave vector configuration for a simulation with wave vectors and the back
ground magnetic field Bo in the same plane. The plot shows the wave vectors of two initial
Alfven waves in the xy plane and the direction of Bo- The dashed lines are the coordinate
axes.
where kXt\ = 2kx^ ky_i =

0 .5 k Vi2

and total k i t 2 = 0.055903. The propagation angle, 8 ,

relative to Bo are taken as 8 \ = 26.6 degrees for the first Alfven wave and

82

= 63.4 degrees

for the second. The amplitude of the total waveform is 1. The initial temperatures are
7j|0iP = Tj_o,p = 0.167 for protons and Tj|0jO. = Tj.0,0 = 0.668 for alphas. Corresponding
proton /3s are twice their temperatures, while alpha /3s are 2 tl0q = 0.08 times their tem
peratures. The initial alpha streaming velocity U ao is taken to be along

-B q

with speed

Uoo = 1-51, and the protons are at rest; this defines the rest frame. The electron tem
perature is taken to be zero so th at electron pressure does not contribute to the electric
field.
Vasquez and Hollweg [1998a] were the first to show th at this initial waveform propagates
in -x direction and steepens within 100Q“ 1 to develop imbedded RDs with normals a t 45°
with respect to the x axis. For this case, Figures 4-2a- 4-2d show intensity plots of Bx (top
left). By (top right), B z (bottom left) and n e (bottom right) as functions of x and y for (a)
t = 0, (b) t = 500, (c) t = 1000, and (d) t = 1500. The plot is in a ‘wave frame’ moving to
the left at u / k x evaluated from (4.1) for Uap = 1.51. In this frame the protonsiinitially drift
to the right a t u>/kx where the alpha’s drift to the left at 1.51 - u ( k x. Initially, <3B points
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(c)

t = 1000

(d)

t = 1500

Figure 4-2: Evolution of a pair of Alfven waves with the wave vector and Bo configuration
shown in Figure 4-1. Intensity plots are given as functions of position for Bx (top left),
By (top right), B~ (bottom left), and ne (bottom right) a t (a) t = 0, (b) t = -500, (c)
t = 1000, and (d) t = 1500. Positions are normalized to c /u p and time to Q~l based on
protons. The gray scale has light shades representing maximum values and dark shades
minimum values. Coordinate axes are shown only for the plot of Bz a t t = 0 but apply
equally for all plots. The plotted quantities are shown in a frame which moves to the left a t
the background Alfven speed. By t = 500, the initially sinusoidal waves steepen to develop
rotational discontinuities (RDs) which are best seen where B z changes abruptly from dark
to light shades. At t = 500, the RDs are locally planar and remain this way for a few
hundred gyrocycles so that ion interactions can be examined for RDs of nearly constant
width and normal direction.
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only in the z direction and is sinusoidal. By t = 500, these waves have long since steepened
and developed two imbedded RDs per wave cycle. These RDs are best seen in plots of
B : and are located where B z sharply varies from dark to light shades. The slowly varying
regions between RDs are rectangular in outline. There are RDs with normals parallel to
the diagonal line drawn from the lower right to the upper left corner. These have widths
~ 20c/cjp, finite transverse lengths, and nearly preserve the total magnetic field strength
in their layers. An additional set of RDs has normals along the opposite diagonal. These
have widths of ~ 30c/up. These widths are large compared to ion gyroradii. For instance,
an initial thermal-speed alpha has a gyroradius of 0 .6c/wp.
Smaller amplitude variations are seen in plots of Bx, B y, and ne. These variations
arise from the ponderomotive force density (-V jB 2/ 87t) which generates at second order
driven waves and homogeneous fast and slow waves [e.g., Vasquez and Hollweg, 1998a, 1999,
2001]. Density compressions from fast waves average around 10% of background, while slow
waves are rapidly damped. These second-order fluctuations are modified by higher-order
nonlinearities and wave steepening.
For several hundred gyrocycles around t = 500, the waveform and RDs remain nearly
steady. At t = 1000 (Figure 4-2c), the RDs are seen to become slightly curved with
substantial bending at t = 1500 (Figure 4-2d). This evolution occurs because the initial
first-order Alfven waves generate a third-order PBS across Bo- This gives a small Alfven
speed gradient which refracts RD normals.
Dispersive fast waves are produced upstream of the RDs from the wave steepening.
These begin to separate from steepened regions by I = 60 and then spread out over the
entire simulation box. These fast waves are found to undergo a cross-field modulational or
i
%

filamentation-like instability [e.g., Kuo and Lee, 1989] starting near t = 200 which grows

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

(c) a-E nergy

(b) ot-Speed

(a) Temperature

OJO

O.IS

a-BU LK

T
OJO
0.15

tjO

aos

0

0.10 ■

a-THERMAL

OM
900 . .

time

1000

1900

0

300

time

1000

1300

0

300

1000

time

1300

Figure 4-3: The response of protons and alphas to waves and RDs for the case shown in
Figures 4-2a - 4-2d. Plots show (a) the average proton and alpha temperatures normalized
to Bo/47T7ipo with solid lines corresponding to parallel temperatures and dashed lines to per
pendicular temperatures, (b) the average alpha streaming speed U& (solid line) normalized
to the total Alfven speed V^, and (c) normalized total bulk (solid line) and thermal (dashed
line) energy of alphas as a function of time. Alphas are substantially heated, slow down,
and exchange bulk and thermal energies. Protons (not shown) are slightly accelerated, and
so the differential speed between alphas and protons decreases with time.
weakly and then saturates around t = 800- A non-propagating structure with density and
magnetic field variations arises in the y direction with 32 cycles. Figures 4-2b - 4-2d show
this structure as a nearly cross-field ripple in the values of Bx, Bz, and ne. The structure
is advected by the Alfven wave velocity in the y direction. This bends the structure giving
it variations along the x direction and also gives it velocity fluctuations since a moving
magnetic field leads to an electric field and so also velocity. At saturation, fluctuation
amplitudes (such as 5ne/ n e and SBx /B q) reach about 0.1. Since this structure is near the
limit of the grid, it may not be accurately described or have numerical origin. In section
4.4, we will examine this instability further.
Figures 4-3a - 4-3c show how ions are affected by wave and RD evolution. Figure 4-3a
shows the average value of T|jp and Tj|a (solid lines) and Tip and T±.a (dashed lines) as a
function of time, where parallel and perpendicular temperatures are determined according
to the direction of B at each ion position. Both protons and alphas show heating in both
components. Protons are heated by 20 to 30% by t = 1500. The value of TLq increases
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initially faster than T\\a, but the rates become approximately equal after t = 1000 when
RDs evolve significantly from earlier times. By t = 1500, T±a is 3.5 times hotter than
initially and Tj|a is '2.5 times hotter.
Temperatures ca n be corrected for gains of energy from errors that cause the total energy
to increase. At 1 5 0 0 Q ~ th e total energy in waves and particles has increased by 0.9%. The
kinetic energy gain by numerical noise is proportioned by 96% to protons and 4% to alphas
(see Hockney and East wood [1988], their equation 9-18 where the heating rate per species can
be shown to be proportional to q*nsfm s). The total energy gain is found to be 0.012. Most
of the gain appears as thermal energy and mostly in the locally perpendicular temperature
since the errors come mostly from the perpendicular electric field. With /?e = 0, parallel
electric fields are as close to zero as numerical precision allows. Even for small (3e cases
treated later, perpendicular electric fields remain larger and numerical errors are primarily
associated with these. Approximately, we can estimate the numerical error in perpendicular
tempera.ture as one-half the kinetic energy gain divided by the number density of the species.
For protons the temperature gain is 0.006 or 4% of the initial temperature. The gain
for alphas is 0.006 or 1% of its initial temperature. The most significant error in alpha
temperature cannot be estimated by energy conservation. We will show later th at it comes
from the deceleration caused by numerical noise.
Figure 4-3b plots the average value of UQ (solid line) in the rest frame as a function of
time normalized to Va (dashed line). The speed UQ generally decreases with time. Between
t = 200 and 800, the deceleration rate is approximately 1.7 x 10-4 V^Qp and changes after
t. = 800 to a rate of about 3.1 x 10_4VJ4f2p. The lowest speed reached is 1.19 and so is still
above Va = 1. Linear momentum between protons and alphas was conserved to 1% along
the direction of Bq which means that little wave momentum was deposited into the ions.
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Thereby, the deceleration of the alphas is compensated by an acceleration of the protons in
•i

the rest frame to a speed of 0.05 in direction of the streaming alphas and waves. This gives
a differential speed Uap equal to 1.14 at t = 1500.
As Uop decreases, the value of u / k varies for an Alfven wave. The amount of change is
found to be only 1% or so between t = 500 and 1000. This explains why a constant wave
frame speed can be applied to Figures 4-'2b and 4-2c with little discernible change in the
positioning of features.
Numerical noise can arise which decelerate the alphas in simulations. A measure of these
numerical errors can be gained by examining the evolution of streaming alphas for a case
with no initial waves where the streaming speed should remain constant with time. From
such simulations, we have deduced that the errors act as collisions and slow the differential
velocity Uap according to
(« )

where u is the rate of deceleration. For time constant v, then UQp = Ua

so th a t Uap

approaches zero with increasing time. Momentum of the ions is approximately conserved
with time since random errors do not deposit net momentum into the ions, and so alphas
decelerate while protons accelerate. In simulations, the value of v varies with plasma pa
rameters, especially the proton temperature. In practice, the proton temperature in a given
simulation does not change by large factors and so a correction to the deceleration rate can
i

be applied by assuming constant u.
For the simulation parameters used here, we find th at v — 5.5 x lO-5^ " 1. Thus the
corrected deceleration rate is the measured one subtracted from the error rate (= vUa).
Before t = 800, the corrected rate is 9 x 10-5 VOi&P and after t — 800, the rate is *2.4 x
IO-H'a Qj,. It also clear that the behavior of UQ in Figure 4-3b is not exponential. This
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is the first evidence that the cause of the deceleration is not due to impulsive interactions
with fields or demagnetizations. The deceleration due to the numerical noise can become
prohibitively large when plasma pressures exceed the background magnetic pressure, so
results are best obtained for cases of low plasma to magnetic pressure which we consider in
this Chapter.
The value of Ua oscillates noticeably in Figure 4-3b with a period of ~ 160Q"1. This
period does not depend on UQ and is not related to the convection of the alphas through
the waveform. The oscillations correspond to pairs of compressional waves traveling in
opposite directions which beat on one another and so act as a standing wave. The beginning
of each rise in UQ in Figure 4-3b is sharper than its fall. This suggests th a t steepening
has modified the compressional waveform since the rapid rise corresponds to an impulsive
phase of steepening and followed by a relaxation phase when the steepening was halted by
dispersion and the formation of the RDs. In fact, this waveform is spatially distributed
where the wave-imbedded RDs are located. Along the diagonal line from the upper left
to lower right corner of the simulation box, the waveform has 3 cycles, and this implies
th at individual compressional waves are propagating a t a phase speed of 0.79V^ in opposite
directions. This waveform appears to originate from generated modes with an intermediate
phase speed. In particular, the mode appears to be one related to alphas because the
alpha fluctuation velocity

« 0.1 alphas is much larger than for protons SVpx « 0.01.

The compressional waveform is also weakly damped with time. A typical compressional
mode would be expected to damp rapidly because the wave phase speed along Bo which
is 2Iy/20.79V/i = 1.12Va is within the thermal width of the streaming alphas which have a
thermal speed of 0 .621^4.
I

I

Figure 4-3c shows the total alpha bulk energy in the rest frame (solid line) and alpha
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thermal energy (dashed line). The bulk energy is mostly due to the streaming of alphas with
{i
a small part from wave motion. The bulk energy decreases with time while the thermal
energy increases.

The thermal energy increases somewhat faster than the bulk energy

decreases. At £ = 1500, 82% of the thermal energy gain can be explained by the loss of
bulk energy. In fact, the bulk energy loss can almost be entirely accounted for by the gain
of 2naTj_a. Since some of the deceleration is due to numerical errors, a temperature error
also occurs in the amount

1 t nama

,

(4.4)

where the factor is 1 + nam a is needed to normalized f/^0 to the square of the proton
Alfven speed so th a t temperature is appropriately normalized to

B q / 4 ktip0.

In (4.4), we

have neglected the small amount of heating th at comes from lost wave energy. For t = 1500,
we find ATj.0, = 0.3 which is 45% of the initial temperature. This dominates our earlier
error estimate of 1%. The large increase of Tjj is interpreted as Landau and transit-time
damping of fast and other compressional waves.
Additional simulations with different parameters have been performed. Varying only
temperature, we considered a case with Tp = 0.083 and Ta = 0.332 which corresponds to
one half of previous temperatures. Evolution to t = 890 was followed with very similar
results to the previous case. A measured deceleration rate of 1.0 x lO-4! ^ ^ before t = 800
was determined. The collision frequency due to errors is smaller here with v = l.SxlO -5^ ” 1.
This gives a corrected deceleration rate of 8 x 10-5, which is nearly the same as the previous
case.
Simulations have also been conducted varying only Uao- We examined cases with UQo =
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1.077 where the alphas stream a t the same speed as an Alfven wave and with UQ = 0.86.
Deceleration of alphas and ion heating occurs similarly to case with VQ — 1.51. From
Ua = 1.077, the speed decelerates through Va = 1 and reaches 0.85. From Ua = 0.86,
the speed decelerates to 0.76 by t = 1000. The corrected deceleration rates are found to
decrease with smaller Uao in an approximately linearly proportional manner. Behavior
of even smaller Uqq{& 0.5) cases can show different qualitative behavior as compared to
Uao = 1.51. These cases are examined in section 4.3.2.

4 .2 .2

B 0 o u t o f th e S im u lation P la n e

Vasquez and Hollweg [2001; their section 3.2.2] have investigated the nonlinear development
of RDs from initial Alfven waves. When Bo is outside the plane of wave vectors, they
showed that resonant or cross-field transfer occurs which dissipates some imbedded RDs.
This gave the first theoretical explanation of why RDs are observed in decreasing numbers
with increasing heliocentric distance. Accompanying the cross-field transport was a cascade
which dissipated wave energy on protons and gave sustained heating.
We reexamine the same case treated by Vasquez and Hollweg but with the addition of
a super-Alfvenic population of alphas. Initially, there are two Alfven waves propagating
in different directions but with equal group velocity. The xy plane contains all gradient
vectors in the simulation, and Bo is tilted 22.5° outside this plane in the x z plane. The
configuration of wave vectors and the projection of Bo in this plane are given in Figure 4-4.
The wave vectors are symmetrically positioned to either side of the x axis so th at kXt\ = kx^
and kyA = —ky^ where kXt\ = —0.025 and ky^ = 0.025. The magnetic field of each Alfven
wave is polarized along kxBo- This gives a different direction for each wave because Bo is
i

outside the plane of wave vectors. The plane containing the wave fields includes the y axis
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Figure 4-4: Wave vector configuration for a simulation with Bo located “22.5° above the
plane of wave vectors. The plot shows the wave vectors of two initial Alfven waves in the
xy plane and the projection of Bo in this plane. The dashed lines are the coordinate axes.
and the p axis defined by y x Bo- Because the waves are not superimposed along a single
axis as in section 4.2.1, the maximum amplitude of the initial waveform is 8.83Bo instead
of B q .
The initial plasma is spatially uniform. The proton temperature is chosen to be 0.083,
and so the alpha temperature is 0.332. The alphas stream at Uao = 1-51 opposite to Bo
and in the direction of the group velocity. Electrons are given a temperature equal to the
protons and are modeled as an isothermal fluid with electron pressure directly proportion
to

*

Figures 4-5a - 4-5d give intensity plots o f B|| (top left), By (top right), B p (bottom left),
and ne (bottom right) for (a) t = 0, (b) t = 500, (c) t = 1000, and (d) t = 1500. The plot
is in a wave frame moving to the left at the initial group speed expected of Alfven waves
traveling along the x axis. A comparison o f Figures 4-5a - 4-5d with Figures 4-6a - 4-6d in
Vasquez and Hollweg [2001] shows th at the magnetic fields and density behave similarly to
the case with no alphas.
By t = 500, the initial waves steepen and generate imbedded RDs which are seen as sharp
gradients in B y and Bp. In the absence of nonuniformities, Vasquez and Hollweg [1998a,
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Figure 4-5: Simulation results of the interaction of a pair of Alfven waves with the configu
ration of Figure 4-4. Intensity plots are given as functions of position for By (top left), By
(top right), Bp (bottom left), and nc (bottom right) at (a) t. = 0, (b) t = 500, (c) t = 1000,
and (d) t = 1500. Waves generate RDs and also cross-field pressure-balanced structures
(PBSs) which lead to refraction, cross-field transfer, and dissipation of waves and imbedded
RDs.
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b] established that the imbedded RDs are stable against ion wave dispersion and that they
become part of a steady propagating waveform. Thus, the cascade from steepening halts
when RDs have fully developed.
The two initial waves have a component of —V B 2/S x in the y direction which generates
a PBS at two cycles and gives a V& gradient with a minimum to maximum speed variation
of 6%. Because of this gradient, the waveform can be further altered.
Cross-field transfer occurs most effectively along y = 63 and 188 because here the
waveform is strongly polarized in the V^-gradient direction. After t = 500, wave energy in
the By component has diminished. We interpret this to be due to the Alfven wave coupling
to a fast wave so that energy travels across field lines. This process results in a break up
or dissipation of the imbedded RDs near y = 63 and 188. The transported energy does not
increase on resonant field lines because obliquely propagating waves of large k evolve which
spread away from resonant field lines and RDs and wave energy is dissipated.
Cross-field energy transport does not occur efficiently along y = 0 and 12-5 where the
waveform is polarized in the p direction. RDs located along these field lines remain intact.
These remaining RDs do undergo continual refraction and contribute to the development
of small parallel and perpendicular scales. By t = 1500 the fronts have turned well into the
perpendicular direction. The simulation is approaching its limit of accuracy and is halted.
Wave and RD evolution in Figures 4-5a - 4-5d have a significant impact on ions. Figures
4-6a - 4-6c show the response of these ions. Figure 4-6a plots Tj| (solid line) and Tj. (dashed
line) for each ion. Strong sustained heating is seen. Proton temperatures behave similar to
the case without alphas, as is seen by comparing Figure 4-6a with Figure 4-8 in Vasquez and
Hollweg [2001]. The case with alphas mainly results in proton temperatures rising slightly
faster than without alphas. Perpendicular heating is prominent among alphas, and Tj_a has
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Figure 4-6: The response of protons and alphas to waves and RDs for the case shown in
Figures 4-5a - 4-5d. Plots show the same quantities as in Figures 4-3a - 4-3c. Both species
are heated. Alphas slow down to speeds below Va and exchange bulk and thermal energies
in the rest frame.
risen by a factor of 4 when t = 1500. The value of 7j|Q rises by a factor of 3 in the same
time so that the alphas do not deviate strongly from isotropy.
Figure 4-6b plots the average value of Ua (solid line) in the rest frame normalized to Va
(dashed line). Starting at UQ = 1.51, a nearly continuous deceleration occurs after t = 300
with no indication th at the speed relaxes to Va or the average group speed of the waves.
At t = 1500, the value of U0 is 0.96. The protons have accelerated to a speed of 0.09, so
that UQp is actually 0.87.
The average deceleration rate of UQ is nearly a constant. Averaged around t = 1000,
the rate is 4.0 x lO^V^Qp. We again correct the measured rate by subtracting the rate of
deceleration seen for a case with no waves (caused by numerical noise). We find th at the
differential speed decelerates at a rate of 2.1 x 10-5f/oV)tQp when no waves are present. At
t = 1000, U0 = 1.15 in Figure 4-6b, and so the amount to be subtracted from the measured
rate is 2.4 x 10-5 . The corrected rate is then 3.76 x 10-4 , which is only a 6% correction.
The deceleration rate actually varies as a function of y. Around y = 0 and y = 125,
where the waveform has a large amplitude and RDs remain, the deceleration rate is at
i

maximum. In the region of cross-field transfer, the deceleration rate slows somewhat with
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Figure 4-7: The response of protons and alphas to waves and RDs for Uao = 0-54. Plots
show the same quantities as in Figures 4-3a - 4-3c. Alphas decelerate slowly in this case.
time but always remains significant. With this rate variation, a cross-field velocity shear
develops in the alpha flow. Near y = 63 and 188, RDs dissipate almost entirely by t = 1500.
Since the deceleration rate does not approach zero here, we have an indication that RDs
are not the primary cause of the deceleration.
Figure 4-6c gives the average bulk energy (solid line) in the rest frame and the average
thermal energy (dashed line) as a function of time. The bulk energy generally decreases
with time while the thermal energy increases. The exchange of energy between the two is
nearly equal in the rest frame.
We have also examined two cases of streaming speeds well below

(<^ 0 .5 V a ). Figures

4-7a - 4-7c show the ion evolution for the case UQo = 0.54. The streaming speed of alphas
decreases with time but more gradually than previous cases. The deceleration rate of alphas
after t = 500 is about 5 x 10-5 V/Slp. This rate of deceleration is about an order of magnitude
less than th at of the UQ = 1.51 case. By t = 900, the temperature of protons increases
by 50% of the amount seen previously. At higher Uao, proton temperatures were almost
unaffected by the presence of alphas. At the same time, the temperature of alphas almost
doubles.
An interesting result is obtained for UQo = 0. Figures 4-8a- 4-8c shows the resultant ion
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Figure 4-8: The response of protons and alphas to waves and RDs for UQo = 0. Plots show
the same quantities as in Figures 4-3a - 4-3c. A small differential streaming flow develops
from an initial state at rest.
evolution. Initially, both protons and alphas mostly decelerate together until about t = 200.
Since the total ion momentum is not conserved, wave momentum from the steepening Alfven
waves has been given to the ions. After this initial phase, the streaming speed of alphas
increases slightly with time and protons decelerate. This process saturates with a small
differential streaming flow of 0.05V^ which remains nearly steady. At t = 1500, the proton
temperature increases by about 50% of the amount seen in the Uqq = 1-51Va case. The
perpendicular temperature of alphas triples.

Although streaming energy increases, the

total bulk energy actually decreases. This can occur because less alpha wave velocity and
so kinetic energy is required for an Alfven wave when Ua increases from zero as is seen from
(4.2). In the large-amplitude Alfven waveform simulated here, the decrease of wave kinetic
energy is greater than the increase in streaming energy. Similar streaming develops from
rest in l |- D hybrid simulations involving anisotropic minor ion distributions [e.g., Ofman et
al., Resonant heating and acceleration of ions in coronal holes driven by cyclotron resonant
spectra, unpublished manuscript, 2002; see also Liewer et al., 2001].
In both cases, alphas are strongly heated. This occurs because the slower moving alphas
can cyclotron resonate with the lefthanded portion of waves. Since alphas have one half the
i

gyrofrequency of protons, they resonate with smaller

and u waves. More wave power is
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present in fluctuations of smaller

and a; so th a t alphas can dissipate a sizable fraction of

!i

wave power before it cascades to protons. Thereby, the wave dissipation process involves
significant ion-cyclotron wave resonances as is true in the beforemeutioned study by Ofman
et al.
We have also performed simulations with different streaming minor ions to determine
whether or not ions with a charge to mass ratio which differs from alphas can also be
decelerated. We have replaced the alphas with a streaming population of 0 3g with n 0s+ =
10-3 and Tqs+/T p = 16, and then with a streaming population of X}£+ with n*i°+ = 10-3
and T x io+ /T p = 16; here A 1g+ is an imaginary species with the same mass but twice
the charge of 0 3g . The ratio of temperatures gives ions with equal thermal speeds, as is
common in the solar wind. A comparison of O^g- or A’ig+ and alpha behavior (na = 10-3
and Ta/T p = 4) will then mainly demonstrate the influence of the charge to mass ratio q /m
because thermal velocities are equal. The relative streaming speed is chosen to be identical
to the case with alphas in Figures 4-5a - 4-5d. In terms of an Alfven speed based on protons
alone, denoted as

the streaming speeds in all cases would actually be 1.4 V'^p.

Simulation results find once again that waves and RDs are hardly modified by the minor
ion whereas the minor ion decelerates. Figure 4-9 shows the behavior of Uqs+, Ua and
with time. These ions are decelerated at a rate which increases with increasing q /m . After
t = -500, alphas and X decelerate at more than twice the rate of Oxygen. Thus, these
rates are more than linearly proportional to q /m whereas for cases with no waves numerical
errors produce a collisional drag which is linearly proportional to q/m . Oscillations of the
streaming speed are only weakly damped for Oxygen whereas for alphas and X , they are
strongly damped after t = 500.
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Figure 4-9: Plot of the average streaming speed f/o5+ (<?/TO= 0.31*25), Uc (q /m = 0.5), and
Ux io+ (q /m = 0.625) with time. Each species has a very small number density approaching
that of test particles. The deceleration rate increas es with increasing q/m . Oscillations of
the streaming speed persist in the case of Oxygen but damp rapidly for alphas and Neon.

4.3

Causes of Differential Streaming Speed Change

We have simulated the evolution of wave imbedded RDs interacting with low density beams
of alphas and one case of both 0 \$ and X j£ + which stream relative to protons which are
initially a t rest. In all cases, the presence of minor ions does little to alter the overall
wave and RD evolution from that of a plasma consisting of only protons. The minor ions
however are affected significantly. They are generally found to decelerate with the lost
streaming energy going mostly to their thermal energy. Protons are slightly accelerated in
the direction of the streaming ions in accord with the conservation of linear momentum so
that the differential streaming speed decreases with time. The only exception to this general
behavior was seen when starting with no differential streaming. From rest, alphas underwent
a slight acceleration and protons decelerated until a small nearly steady differential flow
resulted.
In this section, we will address the possible causes of streaming velocity change. Section
4.3.1 discusses ion interactions with wave imbedded RDs. In section 4.3.2, we analyze how
I
the overall waveform interacts with ions.
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4.3.1

R D L ayer In teractio n s

ti«

We have examined the individual trajectories of alphas and protons. From a large sample
of alphas, we have found that they are significantly affected by the imbedded RDs. Many
alphas are transmitted through the RDs; however, a significant number are reflected. To
analyze this process for the case in Figures 4-2a - 4-2d when RDs are mainly steady in
orientation, we have chosen around 8000 alphas in the vicinity of the RD near x = 64 and y
= 170 for t = 500 (Figure 4-2b). We have followed their trajectories and velocity components
between t = 500 and 600. The time for reflection is small compared to the gyroperiod of
the alphas, and so the reflection is approximately specular. To identify reflected particles,
we have counted only those whose guiding centers reverse direction and both approach and
leave their point of reflection by at least 2 alpha gyroradii (the gyroradius is chosen to be the
largest possible during the time interval). From this procedure, an undercount of reflected
particles arises if they were reflected at a time near t = 500 or 600 since their approach
or departure distance from the point of reflection can be below our criterion. To eliminate
this uncertainty and to get the complete statistical picture of the process, we have divided
the 100

1 interval into 10 equal parts and evaluated the number of reflected alphas per

each smaller interval. From intervals near t = 550, we then get a more accurate estimate of
the rate of reflection. The points where reflection occurred were found to be concentrated
in and near the RD layers. Furthermore, alphas incident on either side of an RD could
be reflected. This differs from shocks which tend to transmit all ions from the stronger to
weaker magnetic field side [e.g., Wentzel, 1964]. In our case, the RDs have equal B on either
side and so do not show this asymmetry. We have then computed the number of incident
alphas per each interval. The ratio of reflected to incident alphas then gives a measure of
the reflection rate. Here the average best estimate of the rate is 10% reflected. We have
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conducted the same analysis for protons. These are mostly transmitted through the RDs.
Only a small fraction are reflected at a rate of 0.4%.
In case of the unsteady RDs (Figure 4-5a- 4-5d), we have also analyzed ion motion and
found that imbedded RDs also reflect a significant number of alphas. Between t = 500 and
600, we examined approximately 8000 alphas near the RDs located a t i = 64 and y — 125.
About 14% are reflected. A similar analysis between t = 1000 and 1100 found even more
reflections. T he enhancement of reflections correlates with the increasing obliquity of the
RD normal and the thinning of the RD layer width. At these same times, protons are rarely
reflected.
An interesting ion interaction with the RD involves multiple reflections. These events
are correlated with rising and falling of Ua (e.g. Figure 4-3b) and so with the compressional
waveform. As a result of this analysis, we have concluded that the reflections are mainly
due to the large-amplitude compressional waves associated with the RDs. Thereby the RD
layers isolated from these compressions would not have reflected nearly as many alphas as
we find in our simulations.
Ions which are multiply reflected by RDs could become trapped between RDs and so
tend to the speed of the RDs. Since the RD propagational speed corresponds to VA, one
would expect such reflections to cause Ua to approach Va from starting speeds both above
and below VA. On the contrary, simulation results generally show deceleration through VA.
Thus, the bulk of alphas which consist mostly of unreflected or singly reflected alphas must
be experiencing deceleration from other mechanisms.
Our simulation results are not consistent with the results in the work of Heinemann
[1999]. Heinemann proposed that steepened Alfvenic wave fronts in the solar wind should
i

i

significantly reflect protons and heat them. Heinemann also predicted that streaming mi
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nor ions should become trapped between discontinuities and have streaming speeds which
i••i

approach the local value of V*. He assumes th at the steepened wave fronts typically have
widths of one proton gyroradius. Actually, solar-wind and simulated RDs are of order of
tens of gyroradii. They rarely reflect protons and do not reflect the majority of alphas.

4.3.2

W ave and Ion In tera ctio n s

We have examined the total electromagnetic or Lorentz acceleration on ions along Bo- For
species s, this component of the acceleration is denoted as Cs where

£ . = -£ -( E + V s x B ) - ^ .
ms v

'

t>Q

(4.5)

We will show th at this acceleration and so force can well account for the changes in streaming
speed that ions undergo.
For the case with Bo in the simulation plane shown in Figures 4-‘2 a - 4-‘2d, Figures 4-10a
- 4-10d give intensity plots of Ca as functions of position for (a) t = 100, (b) t = 500, (c)
t = 1000, and (d) t = 1500. The plot is made in the wave frame. Here Bo and therefore this
component of the Lorentz acceleration lie along the x axis. This component of acceleration
is independent of ion velocities in the x direction and so is unaffected by varying wave
speeds. We find that Ca is well distributed in the region where RDs are imbedded but is
strongest between the RDs. The location of the acceleration is mostly associated with the
i

compressional waveform which produces oscillations of Ua in Figure 4-3b. Filaments from
fast waves do not contribute much to this acceleration.
Figures 4-1 la and 4 -llb compare the average Lorentz acceleration with the measured
acceleration rate. Figure 4-1 la plots the spatial average value of CQ (solid line) and Cp
(dotted line) as a function of time. Variations of Ca are about 6 times larger than Cv
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Figure 4-10: The Lorentz acceleration component along Bo exerted on alphas for the Bo
configuration shown in Figure 4-1 and simulation results in Figures 4-2a- 4-2d is presented.
Intensity plots of this component Ca are given as functions of position at (a) t = 100, (b)
t = 500, (c) t = 1000, and (d) t = 1500. The gray scale has light shades representing
maximum values and dark shades minimum values. The intensity ranges from —0.05 to
0.05 QvVa - The plotted quantities are shown in a frame which moves to the left a t the
initial background phase speed. Significant \Co,\ is mostly found spread throughout the
regions between RDs. The RDs along the diagonal line running from the upper left to
lower right corner of the box appear as six small width grayish areas of less intensity than
adjacent regions.
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Figure 4-11: Plots compare the average Lorentz and total acceleration normalized by Q pVa
for the case in Figures 4-10a- 4-10d. Part (a) shows the spatial average Lorentz acceleration
for alphas (solid line) and protons (dotted line) as a function of time in units of V^Qp.
Part (b) plots the total acceleration of alphas (solid line) and protons (dotted line) with
time. Values in part (b) oscillate but tend toward negative ones at long times indicative of
deceleration. Good correspondence with the Lorentz acceleration exerted on alphas is seen
from part (a) both in the oscillatory component and average trend.
and are anticorrelated, as would be expected based on total ion momentum conservation.
The acceleration rate for alphas (solid line) is plotted as a function of time in Figure 411b with positive values corresponding to increasing Ua and acceleration and with negative
values to decreasing UQ and deceleration. The measured rate correlates very well with
Ca. Additional acceleration can come from the divergence of the ion pressure tensor. The
close correspondence between Ca and the measured rate, indicates that the pressure does
not contribute significantly, as is to be expected from the low ion temperatures used in
simulations. Figure 4-1 lb also plots the acceleration rate of protons (dotted line) as a
function of time. The correlation between Cp and the acceleration rate is very good.
We also consider the case with Bo outside the simulation plane in Figures 4-5a - 4-5d.
For this case, Figures 4-l*2a - 4-12d give intensity plots of CQ as functions of position for
(a) t = 100, (b) t = 500, (c) t = 1000, and (d) t = 1500. The Lorentz acceleration along
Bo now involves a component of ion velocity in the x direction and so depends on the wave
frame speed. Thus, Ca is not calculated as precisely as in the previous case because the
wave frame speed varies due to the generated cross-field gradients of Va - In the figures,
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Figure 4-12: The value of CQ for the Bo configuration shown in Figure 4-4 and simulation
results in Figures 4-5a - 4-5d is presented. Intensity plots of Ca are given as functions of
position at (a) t = 100, (b) t = -500, (c) t = 1000, and (d) t = 1500. Plots are similar
to Figures 4-10a - 4-10d. Significant |£ 0 | can be found in the compressional component
surrounding RDs. Note the “V”-shaped features marking RDs in part (c) along y = 125
and near x = 70 and 240.
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Figure 4-13: Plots compare the average Lorentz accelerations with total acceleration for the
case shown in Figures 4-l'2a - 4-12d. Plot corresponds to Figures 4 -lla - 4 -llb .
regions of significant Ca are widely spread throughout the waveform in association with
the compressional component. At t = 100, two cycles of fast waves traveling in the —z
direction can be seen in CQ a t x = 50 and y = 125 and at z = 175 and y = 0 and 251.
Noticeable grayish aV”-shaped features in £ a are found after t = 100 which correspond to
refracting RDs. Since RDs occupy little overall space in the simulation box and the Ca
is not concentrated within their layers, we find that RDs do not contribute much to the
overall force corresponding to Ca. At t = 500, cross-field filaments are fairly prominent but
their intensity and organization diminishes at later times.
Figures 4-13a and 4-13b compare the mean Lorentz acceleration with the measured
acceleration rate for the case with Bo outside the simulation plane. These figures plot
quantities similar to Figures 4 -lla and 4 -llb .

We find a good correlation between CQ

and the measured rate. We believe that the difference in the value between Ca and the
measured rate a t a fixed time is larger than in the previous case because of imprecision
introduced by wave-speed variations and not from a stronger acceleration due to the alpha
pressure tensor. The correlation is certainly good enough to conclude th a t the Lorentz force
contributes significantly to the measured deceleration of alphas.
A possible candidate for the force concerns the filaments from fast wave evolution. These
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are not propagating and so have no wave momentum. They could then alter streaming
speeds in a way which conserves the total ion momentum. However, we find that their
contribution to C0 is small and can decrease with time even when greater deceleration
is seen at longer times. Compressions contribute greatly to Ca . These can come from
waves traveling in opposite directions which could also cause no net wave momentum to be
deposited along Bo- We then consider how compressions and their incorporation within a
nonlinear Alfvenic waveform might produce forces which change the mean streaming speeds
of ions.
The primary origin of the Lorentz force component along Bo lies in the departures
from the initially pure Alfvenic waveform which evolves with time. Simulated waveforms
acquire a compressional component and so become “impure” . This can give non vanishing
generalized Reynolds stresses and finite 8V x <SB from the waves. Early in the evolution,
we find that the compressional component or some portion of it exerts forces which cause
the alpha streaming speed to oscillate with time about a nearly fixed average speed. In
an ideal medium, these forces might cause an endless series of such oscillations without
changing the average streaming speed. Because collisionless wave dissipation is present in
simulations, these forces must be subtly altered from th a t in an ideal medium. For instance,
dissipation can alter the phase relations between components of wave velocity and magnetic
field and so affect <5V x <5B. These alterations must allow alpha streaming energy to pass
to the compressional component of the waveform which is then dissipated and converted
into alpha thermal energy. The streaming energy is lost faster in the case with Bo outside
of the simulation plane since Alfven waves couple to the compressional waves so th at the
overall magnitude of compressions is larger than for the case with Bo in the plane. The
i

i

alpha thermal energy operates as an irreversible sink of alpha bulk energy. This dissipation
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would then be a necessary condition to bring about the continual deceleration of the alphas.
!i

Alternatively, dissipation might play a secondary role if the compressional component in an
ideal medium were able to gain streaming energy irreversibly.
We have also examined the evolution of only one Alfven wave in both l|- D and 2^D simulations. In a 1^-D simulation, generalized Reynolds stresses are identically zero.
We find that oblique Alfven waves steepen to develop RDs. The deceleration of alphas
occurs a t the numerical noise rate for a case of no waves throughout the process of RD
development and fast wave separation from RDs. Large density compressions up to 50%
of background grow due to parametric instabilities which are either very slow or absent
in 2^-D simulations. This causes the speed of alphas to decelerate and also the protons.
This deceleration is due to the nonlinear deposition of wave momentum of the generated
sound wave which is a well understood process [e.g., Hoshino and Goldstein, 1989]. After
saturation, the more rapid deceleration halts and the deceleration resumes at its numerical
noise rate. Thereby, continual deceleration of alphas does not occur in l|- D simulations.
This same waveform in a 2^-D simulation shows a different behavior common to our
other 2 |-D simulation results. We find that the deceleration of the alphas is above the
numerical noise rate and continuous. From this, we infer that the important components
of force involved in transferring alpha streaming energy to thermal energy involve gradients
transverse to the wave direction.
An interesting aspect of wave evolution concerns the weak or heavy damping of the
compressional wave which causes significant oscillations of streaming speed. Significant
oscillations are seen in Figure 4-3b for alphas with Bo in the plane and in Figure 4-9 for
O ig . In other cases, oscillations of alphas are more heavily damped at long times and
so are oscillations of X{£+ in Figure 4-9. Streaming alphas are usually within a thermal

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

96
width of the inferred phase speed for the individual compressional waves and so would be
expected to damp this wave rapidly. The longevity of the compressional wave in some cases
suggests th a t the energy transferred from alpha streaming sustains the wave and balances
its rate of transfer to heat. Cases where the amplitude of the compressional component
diminishes faster with time may not achieve this balance since in these cases both the rate
of deceleration and heating is greater. This might explain the difference between Ofg and
X 1g+. With twice the charge to mass ratio, •X11°+ experiences more Lorentz acceleration
than O fg, giving greater deceleration and heating.
Another interesting aspect of alpha deceleration concerns its slower progress when start
ing from smaller Uao- In particular, for Uao

0.5, deceleration proceeds especially slowly.

A partial explanation of this behavior can be made based on the required energy of prop
agating Alfven waves. The alpha velocity fluctuation in an Alfven wave is given in (4.2)
and depends on UQ. The kinetic energy associated with these fluctuations can be large in
simulations since the overall wave amplitude is large. When alphas decelerate from above
Uap = w/&x, the amount of alpha kinetic energy associated with the wave decreases. Decel
eration of the alphas is then an energetically favored form of evolution. Below Uop — u /k x
further deceleration requires greater kinetic energy for the wave motion of alphas. This
could reduce the rate of deceleration. At some point, the required energy in the wave could
exceed the amount of available streaming energy. Thereby a barrier to deceleration from
high to low speeds can exist where further deceleration becomes energetically unfavorable.
An apparent dichotomy occurs when bulk ion flows start from rest. We propose that
their evolution can be explained using the same combination of forces and the presence
of dissipation. An analogy is drawn to the case of an attenuated acoustic wave which
i

can drive a steady mean flow [e.g., Lighlhill, 1978; section 4.7]. This is a low-Reynolds
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number flow wherein the acoustic wave force is balanced by pressure and viscous forces.
Similarly, in hybrid simulations, ion-cyclotron heating occurs which leads to anisotropic
plasma distributions. This changes the ion flow speeds until a balance is achieved between
the Lorentz and pressure forces. Therefore, the initial phase of alpha acceleration seen in
Figure 4-8b is not an outright acceleration but-rather an adjustment to a near equilibrium
flow state. Because these flows are seen in 1 ~ D hybrid simulations [e.g., Ofman et al.,
Resonant heating and acceleration of ions in coronal holes driven by cyclotron resonant
spectra, JGR, submitted, '2002; see also Liewer et al., 2001]. as well as in 2^-D simulations,
we infer that both longitudinal and transverse gradients to the wave direction are capable
of driving such flows.

4.4

Fast Wave Evolution and Numerical Issues

We noted in section 4.2.1 that fast waves produced by the steepening of Alfven waves
undergo an instability. On a 128 x 128 grid, the instability results in a modulation of field
and density in the y or cross-field direction at 32 cycles. This corresponds to the highest
wavenumber on the grid in that direction which is de-aliased since a product of any two
dependent variables of 32 cycles gives 64 cycles which is at the resolution limit of the grid.
We examined this instability using a set of simulations with progressively greater accu
racy, including one with A t = 0.01, Ax = A y — 0.5 and using cubic spline interpolation
t

[e.g., Tajima, 1989] to obtain particle moments and assign fields, as well as using 180 alpha
particle per cell. In all cases, we find that the instability occurs at essentially the same
location and time, and therefore we conclude th at it is an accurate result as far as resolu
tion will allow. The position of the unstable mode is always at the boundary of de-aliasing.
Such a systematic result is an indicator th at numerics play a role.
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We find th a t with smaller cell size the Alfven wave steepens more and approaches grid
resolution. Thereby, our simulations do not yet completely resolve its evolution. We have
compromised some spatial resolution in order to join large scale MHD waves with small
scales where dispersion is important. Spatial resolution is good enough to resolve RD
structure which has a width independent of the chosen cell size, but with fast waves we
have reached a limit. Since they form near the highest wavenumbers represented on the
grid, they are constrained by the remaining resolved wavenumbers. The instability th at they
undergo could correspond to a real one or to a numerical one. Perpendicular fast waves
have been shown to undergo a filamentation instability through a four-wave process [e.g.,
Kuo and Lee, 1989]. This instability has not been examined for other oblique directions and
so it is possible th a t fast waves undergo this type of instability. However, it is unlikely that
the instability would be coherent as seen in our simulations. With collisionless dissipation,
wave instabilities usually occur across a broad range of unstable wavenumbers [e.g., Vasquez,
1995]. Few wavenumbers are available to fast waves on this grid. The instability could also
be numerical in the sense that with more wavenumbers available to the evolving fast waves,
they may evolve differently than is seen in our simulations. The complete answer to fast
wave evolution will require simulations with greater spatial resolution and probably ones
devoted only to following fast waves without Alfven waves and RDs.
We have also benchmarked the 2^-D hybrid code using the cubic spline method to obtain
ion moments and interpolate fields. This method can improve the accuracy of numerical
alpha heating by a factor of about four. The drawback of the method is th a t it requires
significantly more computational time. In this Chapter, we have opted for a survey of cases
in order to deduce the cause of alpha deceleration. Future work where the goal is to obtain
i

i

precision measurements of heating and deceleration rates should consider the cubic spline
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method.
•i

4.5

Application to the Solar Wind

The interaction of streaming alphas with simulated Alfven waves and RDs has aspects which
are consistent with observed alphas in the solar wind. With increasing heliocentric distance
r, the observed mean speed of alphas decreases and does not approach the local value of
VA. This is consistent with a deceleration toward the speed of the protons as occurs when
alphas interact with simulated waves. The observed average streaming energy of alphas
decreases with increasing r while their thermal energy increases at a comparable rate. This
behavior also occurs in simulations.
The behavior of Txa/T^Q is not consistent with the solar wind. We find both T j_q and
T},q increasing with time where Tj_a/T^a ~ 1.3 so that the alphas do not become very
anisotropic. In the solar wind, alphas on average have T ^a/T\\a ~ 0.87. One source of the
discrepancy is th at spherical expansion lowers T±0 substantially with increasing r in the
solar wind while affecting Tjj little. This behavior is not incorporated into the simulations
and is important because the deceleration and so heating occurs over large distances. To
maintain the observed ratio of temperatures, strong heating of T±<* is needed. Our simu
lations do give significant heating of Tj_a which can largely be accounted for from the lost
streaming energy of alphas. The large increase of T^a is a remaining inconsistency. Our
simulations have large-amplitude (6n/n ~ 0.1) compressional waves which are well above
the amplitude level {Sn/n ~ 0.01) typically seen in association with Alfvenic fluctuations
in high speed streams. In simulations, compressions contribute strongly to the heating of
Tll*’ and so we might then explain the smaller amount of observed heating of of Tj^ as due
to smaller amplitude compressions.
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The partial agreement between simulation results and the solar wind leads us to propose
that the deceleration of alphas is governed by a common physical process. The ingredients
needed for continual deceleration involve forces from impure Alfven wave-modes which
have a compressional component and collisionless dissipation. The Alfvenic fluctuations are
waves involved in a turbulent cascade of energy to small scales where dissipation and ion
heating are presumed to occur. Their properties differ from Alfven modes [e.g., Burlaga and
Turner, 1976; Denskat and Burlaga, 1977: Matthaeus and Goldstein, 1982]. Since they have
a compressional component, we propose that the solar-wind Alfvenic fluctuations provide
forces which decelerate the streaming alphas and then deposit their bulk energy into their
thermal energy. In this way, alpha deceleration occurs nearly continuously and everywhere
in regions with Alfvenic fluctuations. This could make up for the smaller compressional
components of actual Alfvenic fluctuations, as opposed to those in simulations, since the
deceleration in the solar wind can proceed for tens of hours before the ions have even traveled
to 1 All. If this deceleration is efficient enough, microinstabilities may never occur because
the speed could decelerate fast enough to remain below the streaming speed threshold
needed to trigger the instabilities.
We would expect deceleration from these forces to be especially effective between 0.3
and 1 AU where most alphas have streaming speeds near Va and below the thresholds of
instabilities. At larger distances, our results suggest th at the rate of deceleration will be
come smaller because streaming speeds decrease below Va and are among large-amplitude
Alfvenic fluctuations whose relative amplitude increases with r. The required bulk energy
of these fluctuations could significantly reduce the rate of deceleration since below Va less
streaming speed requires more perpendicular fluctuation velocity and so kinetic energy. In
i

this case, we would not expect the streaming speed to approach zero rapidly but rather
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remain somewhere below VA. The existence of the rotational force would ultimately bring
■i

the speed to nearly zero a t some large distance in the absence of any counterforces. Ob
servations between 1 and 5 AU are consistent with these ideas in that the deceleration is
slower and the streaming speed is between zero and VA. This process gives an alternative
to the second-order theory of Gary [2001] where alpha streaming speeds were shown at high
/3||p to approach a constant streaming speed below VA .
In the few cases considered, our simulations have also shown that other minor ions
decelerate. This process might work similarly for any species of minor ion considered. We
then have a possible explanation for the observed deceleration of minor ions in the solar
wind. Potentially this might even be true for streaming secondary proton components
although these can have significant number densities compared to the main component and
so may not evolve in the same manner as do minor ions.

4.6

Summary and Conclusions

We have investigated the evolution of streaming alphas among evolving nonlinear Alfven
waves which generate imbedded RDs and a large-amplitude wave compressional component.
We found th a t from large differential streaming speeds alphas decelerate and heat. Much
of the lost bulk energy in alphas can be accounted for by the gain in perpendicular thermal
energy but there is also considerable parallel heating. Similar evolution was found for
streaming O^g and an imaginary ion X l1g+ . The evolution of the overall waveform was little
affected by the deceleration. Protons heat by amounts similar to cases without minor ions,
but they do receive a slight acceleration which nearly conserves the total ion momentum
along BoThe total electromagnetic or Lorentz force component along Bo exerted by the wave
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compressional component can explain the deceleration of minor ions. We have concluded
that the compressional component incorporated with Alfven waves has the nonlinear capa
bility to take bulk alpha energy and then through dissipation to deposit this energy into
the alpha thermal energy. This ability is analogous to th at of linear magnetosonic waves
which can gain energy from velocity shears. Imbedded RDs play no‘significant role in the
overall deceleration.
From small alpha streaming speeds

0.5V^), the deceleration can proceed a t a rela

tively small rate. Proton heating is one-half of the amount seen for cases without alphas,
whereas alphas are significantly heated. In these cases, some alphas have slow enough
speeds to resonate significantly with the lefthanded portion of waves so that protons have
less power a t higher frequencies to resonate with. Starting from rest, alphas underwent a
slight acceleration and protons decelerated until a nearly steady differential flow of 0.05
resulted. We have concluded that this flow represents a balance between the Lorentz and
ion pressure forces where the ion pressure force has changed from its initial values due to
ion-cyclotron heating.
Our simulation results are in fair agreement with the behavior of solar wind minor ions.
The simulated compressional component is of large amplitude (8n/n ~ 0.1) as compared
to that (5 n /n ~ 0.01) typically among Alfvenic fluctuations, and we have significant par
allel heating whereas the solar wind does not. However, solar-wind Alfvenic fluctuations
with their smaller compressional components may have the same capability to decelerate
streaming ions as ones in the simulations. We therefore propose that the deceleration of
minor ions in the solar wind is largely governed by the Alfvenic fluctuations and not by
microinstabilities.
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C hapter 5

Conclusion
In this dissertation, we have addressed some specific features of wave mode conversion
and the wave-particle interactions involving large scale flows and their gradients. Three
basic projects were carried out. First, we have examined the role of the velocity shear
in the conversion of the Alfven wave mode to magnetosonic wave modes using a local
description. Second, we extended this study to examine particular aspects of the results of
this conversion in a more realistic solar atmosphere. Finally, we have examined the effects
of nonlinear Alfven waves on alphas and other minor ions, which in the solar wind are found
to flow faster than the protons.
Deposition of wave energy into the corona and solar wind flow is one of the outstanding
problems of solar physics. The Alfven wave is believed to be the one which is most able to
escape the lower solar atmosphere and enter the corona and solar wind. The Alfven waves
do not readily dissipate, and can exist in the medium for a long time. This very nature of
the Alfven waves becomes an obstacle in the corona and solar wind where dissipation of
their energy is necessary in order to heat the corona and accelerate the solar wind flow. One
of the mechanisms to dissipate them is to transform them into other types of MHD waves
which can dissipate more effectively. In Chapter 2 we considered the Alfven transformation
into other types of MHD waves due to a velocity shear. Since the Alfven wave is the
only linear mode which does not undergo strong damping and can escape from the inner
solar atmosphere, we assumed the initial wave always to be the Alfven mode. The possible
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transformation of the non-compressive Alfven mode into compressive magnetosonic (fast or
slow) waves ultimately leads to deposition of this energy.
We examined wave evolution in an inhomogeneous medium with a velocity shear. For
simplicity, the shear flow was taken to be linear and infinite in space. The approach we
have taken is to change Eulerian coordinates to convecting, Lagrangian, coordinates, which
transforms the spatial inhomogeneity associated with the velocity shear into a temporal one.
This allowed us to perform the usual Fourier analysis in space and analyze the temporal
evolution of the perturbation Fourier harmonics in Ar-space. The result of this procedure
is th at the wave vector along the shear changes with time, which affects the oscillation
frequencies of the fast and slow modes. The coupling between different modes is possible
when their dispersion relations are similar. As an example, used in our study, we noted that
the Alfven wave frequency corresponds to the fast wave frequency when the wave vector
becomes nearly parallel to the ambient magnetic field. We found that for low /? plasma,
the only possible conversion is that of an Alfven wave to a fast magnetosonic wave (or vice
versa). The frequency of the slow magnetosonic wave is nearly constant and far different
from that of the Alfven wave; this decouples the slow mode from the others.
For a high /3 plasma the situation is reversed and the only possible mode conversion
is the Alfven wave to a slow magnetosonic wave. The frequency of the fast magnetosonic
wave also changes, but the change is not enough to make the mode transformation possible.
These two qualitatively different ways of mode conversion merge when the ratio of V ^jC s
is about unity. In this case, either coupling can occur and the mechanism becomes very
sensitive to the local plasma conditions.
Plasma conditions in different regions of the solar corona and wind vary, and so also the
J
manner of mode coupling. In the coronal holes, low /? conditions prevail and the coupling
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is limited to Alfven and fast waves [Figure 2-2]. Farther from the Sun, high /3 conditions
1
can be found in coronal streamers where the Alfven wave and the slow magnetosonic wave
can couple [Figure 2-3, Case C]. In interplanetary space, Va /C s ~ 1, and all three modes
can couple.
During the mode coupling process which is applicable to the solar corona, an initially
incompressible Alfven wave drives longitudinal and compressive features, and after the
transformation has occurred, we have a compressible fast magnetosonic wave in addition to
the Alfven wave. The resultant fast magnetosonic wave exhibits oscillations of the magnetic
field strength as well as density. Unlike Alfven waves, magnetosonic waves are capable of
gaining and losing energy from the velocity shear. In one example (transformation of Aifven
wave to the fast wave), there was an increase in the energy of the fast wave fluctuations;
the energy came from the shear. The energy exchange happens so th at the wave action,
E / u , is constant. This process could contribute potentially to the smoothing of the flow
by extracting the shear flow energy and transferring it across the boundaries to other solar
wind regions.
One minor result obtained for the conversion of the Alfven wave to the fast wave in
dicated that in an infinite shear flow, the frequency of the resultant fast wave can reach a
frequency high enough to resonate with heavy ions. This great upshift in frequency is due
to the unbounded nature of the shear flow. The likely change of frequency of fast waves
propagating in the solar atmosphere was obtained in Chapter 3 by ray tracing. We found
that the local frequency change was limited to only a few percent of the initial frequency.
Starting from frequencies small compared to ft,-, we would not expect fast waves in the
velocity gradients of the solar atmosphere to acquire frequencies where ion resonant heating
could take place without some additional effect such as a turbulent cascade of wave energy.
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In Chapter 4, we examined the deceleration of streaming alphas relative to protons
due to nonlinear Alfven waves. Observations indicate that alphas and other ions in the
interplanetary medium show a tendency to stream near or below the local V^, relative to
the main component of protons. Because Va decreases with increasing distance from the
Sun, forces must exist to slow the heavier ions with increasing distance.
We have conducted hybrid simulations in a plasma with particle protons and alphas
and with a quasineutralizing electron fluid. Simulation runs with other streaming minor
ions were also performed. In our simulations, a group of Alfven waves steepen and generate
imbedded RDs and compressional waves. We examine cases of almost steady waveforms
and RDs, and ones with evolving waveforms and RDs due to a significantly nonuniform
background. When alphas stream with the waves and imbedded RDs faster than the pro
tons, they decelerate more rapidly from higher speeds, and heat up. We have concluded
that alphas do not remain at one streaming speed due to nonlinear Lorentz forces from the
wave compressional component and the presence of collisionless dissipation which dissipates
this component so th at bulk alpha kinetic energy is ultimately deposited into alpha ther
mal energy. Imbedded RDs play no significant role in the overall deceleration of alphas.
Protons heat similarly to cases without alphas and are slightly accelerated so th a t the total
ion momentum along Bo is nearly conserved.
For small streaming speeds (£ O.5 V4 ), the deceleration rate can be relatively small
because the loss of streaming energy competes with the gain in wave kinetic energy required
by large-amplitude Alfven waves. Less proton and more alpha heating is also found since
alphas can resonate with the lefthanded portion of oblique waves. Starting from rest, alphas
and protons can develop a small differential flow in which Lorentz and pressure forces become
balanced.
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The simulation behavior of alphas for streaming speeds near the Alfven speed is fairly
Ji
consistent with solar wind observations in high speed streams. Turbulent Alfvenic fluctua
tions do have a small compressional component and so might be responsible for the observed
deceleration and heating of alphas. Simulations with other streaming minor ions also gave
deceleration suggesting that the behavior of a wide range of solar-wind minor ions might
be explained by the same processes which affect alphas.
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A p p en d ix A

Linear Waves in Two-Fluid Plasm a
with Inhomogeneous Flow
The dynamics of the electron-proton plasma may be described by the following two-fluid
equations: continuity equation for both species
+ V -(ntfV e) = 0,

(A .l)

+ V-(npV p) = 0,

(A.2)

s)ry
equations of motion:
m.

f ^ r + ( V ' V ,V t] =

m p,
,n,

[e + jV .y .B - V PC,

+ (V,-V)V„] = en , [ e + j V pxB - V /> „

(A.3)

(A.4)

and Maxwell’s equations for the electric and magnetic fields:
1 dB

c at = - VxE'

(A"5)

V-E = 47re(np - ne),

(A.6)

V-B = 0,

(A.7)

1 $E
c W ~ Vx

4 tt
T ’

<A-8>

where
J = e(npV p - neV e),

(A.9)

and B is the magneticfield, V,- (i = (e,p)) is velocity, n,-is number density and P: is the
pressure. To investigate the temporal behavior of this system, wemakeuse of the linear
perturbation theory when all physical quantities are decomposed into a sum of unperturbed,
background quantities, $ 0i a-nd perturbed, small fluctuations,
$ =» $o +

(A.10)

where the backgroundquantities are homogeneous
n,o = no = const,

Bq = (Bo, 0,0), B q = const,

P;o = const
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(A.11)
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but with an inhomogeneous velocity field, which is the same for both species:
V,0 = V 0 = (Vo, 0,0).

(A.12)

Note th a t above given background satisfies the general assumption that there is no bulk
current flow.
Inserting (A.10) into equations (A.1)-(A.9) and linearizing the basic equations by ne
glecting products of perturbed quantities, the following system can be derived:
dri

+ (V o -V K + n0(V .V ;) = 0,

(A.13)

-j* + (V„-V)»; + n0(v-v;) = 0,

(A.14)

dv!

^+(\vv)v;+(v;.v)v„ = dV'
ol

- L - v p i - - ! - E 7+ - V^xBo + - V qxB '1 , (A. 15)
c
c
J
l

p

+(v0-v)v;+(v;-v)
v0= -------v^
+—
■
y
m pno
y mp

E 7+ i v ; x B 0 + -c V oxB'J , (A.16)

where V(. B ', E ' and P ' are perturbations associated with the velocity, magnetic and electric
fields and pressure, respectively. Linearized Maxwell’s equations have the same form:
1 /)TV

-

= - V*E\

(A.17)

V-E7 = 47re(np/ - ne7),

(A.18)

V-B7 = 0,

(A.19)

- -jr- = V x B 7- — J 7.
c at
c
We introduce the new one-fluid variables for perturbations:
f! = m erie + TOpWp,
and

j7 = en0(V ' —V ');
r

p0 = noime + nip),

T, _ meV 7 + mpV 7

V 7= ^ I T-) ^J - T-W ^ ,
m e + mp

(A/20)

p'q = e(np - n'e)

(A.21)

J7= j7+ / 9V 0.

(A.22)

7

Here, we make some general assumptions applicable to the most astrophysical circum
stances, in particular solar corona/wind region. These assumptions are:
a.

p'q = e(np - n7) « 0,

b.

1 &E!

c. Pi -

,

(A.23)

where k s is the Boltzmann constant and Tt- is a temp>erature of a i type of particle, (a)
assumes that the plasma is quasi-neutral, which is quite relevant for many astrophysical
cases. Note th a t this leads to J7= j7. (b) indicates th at the processes under consideration
are non-relativistic, and (c) assumes th at plasma is isotropic and inviscid.
After some intermediate steps, adding and subtracting the original two-fluid equations
and considering the above assumptions, the following set of differential equations for one-
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fluid variables can be obtained:
*

V
+ (Vo-V)p' + po(V-V') = 0,
dt
dv
- + (Vo-V)V' + (V'-V)V0 = dt

(A.24)

- V f^ + Pe'l OO
n
*•
P

J

(A.25)
P o

C

e ^ n o -, e*n0
J~t + (Vo-Vjy + (T-V) Vo = ^P -E T +
([V'xBo] + [V0xB '])
cm„

- eV

where
electric field:

p>

pt

1 P

r e

TTip

TTXq

+ —

e 1
c me

1
j'x B o ,
mp

(A.26)

y = T"V
Atc xB',

(A-27)

dB'
= —cV x E ',
dt

(A.28)

V-B' = 0,

(A.29)

me (the reduced mass). Arranging (A.26)leads the expression for the

E' = — v x B 0 -F V 0x B
+ enoc

+ (Vo-V)j'+ 0'-v)Vo

+

771,,
—m e. . . _
\ KP
j'x B o + —- V
m em p
eno
mp

PLc

m -o

p

(A.30)

m e.

Manipulation of above equations leads to the final form of the induction equation expressed
as:

^ ( i - a2v 2) b '] + (v 0-v )[( i - a2v 2) b ' = ^[i - a2v 2] b '-v ^ v 0+
(Bo-V)V'- Bo(V.V') + A2( [ v x V 0]-v)[V xB ') - c^ -~ ™e)(B0-V)(VxB')

(A.31)

where A = (m ^c2/ 47re2no) ^ 2 is the collisionless skin depth. In the long wave-length limit
(k —►0), the above equations reduce to the more familiar form used in standard MHD
equations.
The final set of the governing equations for linear waves into the electron-proton plasma
with inhomogeneous mean velocity field reads:
dj_
+ (Vo-V)/ + po(V-V') = 0,
dt

^

Ot

+ (Vo-V)V' + (V'-V)Vo =

(A.32)

Cl

^Vp' -1- — [VxB'l xB0,

Po

A’K pQ t

J

(A.33)

J ^ ( l - A2V2) b ' + (Vo-V) (l - A2V2) b '] = ([l - A2V2]B'-vj V0
+(B0-V)V - Bo(V-V) + A2([VxV0]-V)[VxB'] -

TOe) (B0-V)(VxB')

A irep o
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The above set of equations is general and describes the linear wave dynamics in an electronproton plasma that incorporates inhomogeneous velocity fields.
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A pp en dix B

Wave Tracing in Spherical
G eom etry
Case 1. Acoustic-Gravity waves.
The local dispersion relation for acoustic-gravity waves in the presence of a stationary
velocity field, V (r, 0, <f>), has the same form as without the flow
" 4 ~ (wac + k2<?) & + ( k 8 + kl )

= 0,

(B.l)

but a; is replaced by

d> = u - k-V

(B.2)

where Q is the frequency measured by an observer moving with flow, u ac is the acoustic
cutoff frequency, c is the sound
speed and N is the Brunt-Vdisald frequency.From (B.l)(B.*2), the spatial change of the
local oscillation frequency is given by
u>3V L l + k 2c2} - u>V Ukj + k}) c2iV2]
V uj’ =
---*=------------------- - .
—------------2 [ u * - ( k 2 + k 2) c 2N 2}

a. Horizontal Flow : V = ^0, V$(r), V^(r)j,

(B.3)

(B.4)

This is the case th a t corresponds to the acoustic-gravity waves below the solar pho
tosphere all the way down to the tachocline layer between the solar radiation zone and
convective zone. Analogous wave path equations were derived by various authors [Bazer
and Freischman, 1959; Bazer and Hurley., 1963; Volk and Alpers, 1973].
The group velocity components derived from (B.3) are
du7

k r<?cp

dkr Qu
dke ~
du
dk^~

(B.5)

fcflC2d}(d>2 —N 2)
* + U * - ( k 2 + k 2) C2N 2 '

(B.6)

Ar^c2w(d)2 - N 2)
9 + c j * - ( k j + k 2) c2A'2 '

(B.7)

To evaluate a spatial gradient of u , one must consider the fact that the frequency shift
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due to flow is a scalar product of two vectors, and its gradient can be expressed as
V(k-V) = kx[V xV ] + (k-V)V .

(B.8)

Using (B.7) in (B.3) and (3.16)-(3.21) from Chapter 3, we obtain
—

-

—

I-

dr

u>3

+ ______________________________

4-

8 dr

* dr

dr

2 [u>4 - {kj + k2) c2A'2]
k2* + k* (
u!2 V

dr

(B-9)

Other components of the frequency gradient are:.
kgdVo
dd

ia ;
r dd

k td V i
r dd
krVe

H-

+

C2N 2U

k r kg

o>4 - (k 2g + k 2) c2N 2 r

(B-10)

and
1

du

kg

rs\n8d<f>

dV g

rsin 6 d<f>

+

kg,

dV #

rsin# dd

4\ - ~
(

c2N 2Cj
w4 - (Jb| + k2) <?N2

K

-

I.et us first address the physical meaning of some of the Doppler-shift terms in (B.9) and
(B.10). The term involving k r Vg in (B.9) corresponds to a latitudinal change of frequency
due to the radial wave vector. When substituted into (3.29), this term cancels with the
flow part of
This guarantees that pure convection in the ^-direction does not separate
wavefronts or change kg . A similar explanation exists for k r V ^ and k g V ^ in (B.10). Another
term in (B.10) involves k^Vg. It- represents the spreading of neighboring wavefronts which
are convected from the pole to the equator.
Let us return to the terms directly related to the dispersion relation. These terms are
present in ray equations even in the case V = 0. In this special case, the physical meaning
of those terms can be readily checked by using the well-known physical fact th at if the
background state is spherically symmetric, then

’(kg+ k£j

-

(B.12)

where L is a constant related to a degree (I) of the Legendre functions describing per
turbations in a spherically symmetrical equilibrium state [e.g. Gough, 1993]. After some
intermediate steps using (3.26)-(3.30), the total time derivative of r 2 ( k g + k f y , can be writ
ten as
1.
Jt.
After inserting (B.4)-(B.6) and (B.S)-(B.IO), we find th a t (B.12) agrees with (B .ll).
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la the next two subsections, using analogous riiathematical description, we will apply
the Sjame mathematical treatment to waves that are most frequently discussed in the solar
wind context.

Case 2. Magtietohydrodynamic Waves.
The local dispersion relation for magiietohydrodynamic waves in the medium reads
u;4 - ( v 2 + C l) k2 u 2 + V 2 C 2Sk2 k 2 = 0,

(B.14)

where kr is the wave vector along Bo, assumed to have a form
Bo = (Bo, 0, 0).

(B.15)

The presence of a radial velocity field
Vo = (V0, 0, 0)

(B.16)

does not change the form of the dispersion relation, but Doppler-shifts the frequency as:
u —u —k - V .

(B.17)

The general form of the wave frequency gradient can be obtained as

_

w3v[(Kj + Cf)*2] - ZV\V* Cf e
2 [ ^ - I' I C | t? P ]

Afterwards, we can derive the special gradients of the local oscillation frequency as was
done in previous case.
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A ppendix C

Reflection of the Fast
M agnetosonic Wave
C a s e 1 . No Flow: V = 0.
The dispersion relation of the fast magnetosonic wave in the low /?-plasma with Vo = 0

“>2 = *2 Vj = ( 4 + k l ) Vj,

(C.1)

where k n and ky are the horizontal and vertical wave vectors correspondingly. The hori
zontal and vertical directions are taken with respect to the solarsurface at a given radial
distance. Solar magnetic field is assumed to be vertical and directedradially outward.
Our aim here is t.o determine the conditions when the incident wave is reflected. At the
very moment of reflection, the vertical wave vector becomes zero and this is a condition
that will be exploited in mathematical discussion below. Above dispersion relation can be
written as
V \ ky + (kff V \ = 0.
(C.2)
This equation has real solution for ky only when
k2„ V 2 - u;2 < 0

=»

k 2H <

(C.3)

This is the condition used by Hollweg [1978] to study the possibility of the fast magnetosonic
wave propagation from the photosphere to the solar corona. The turning point occurs at
the point where the horizontal wave vector is equal to oj2/V |. Above that point k ^ < 0
and the waves are evanescent.

C a s e 2 . Vertical Flow: V y =£ 0.
Let us first consider the fast magnetosonic wave in the medium with a vertical velocity
field, i.e.
V = ( V// = 0, Vv ^ o),
(C.4)
and the dispersion relation in this case is
i

— k vVV)

= [kf] + k y ^ Y l,
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which can be rewritten as:
( y l - V v Y l + 2 u k v Vv + (k 2HV l - u 2) = 0.

'

(C.6)

Further analysis depends on the sign of V \ — Vy, but we will assume this quantity to be
positive, which corresponds the whole solar photosphere/corona region. In order to have
real solutions for k v, we are left with the condition
< »•

(C-7)

which means that
<

y2

_

(C-8)

y2'

Like the previous case at the turning point, one has to have an “= ” sign.

Case 3. v = ( vH, Vv ).
In this case, the dispersion relation of the fast magnetosonic wave reads: with the time
constant vertical velocity field, i.e.
( t o - k y V y - k t t V a f = (k 2H + k2 ) V l

(C.9)

which can be rearranged as:
( y l - V$) k 2v

+ (2 u Vv - 2kHVHVv) k v + k%V% - u 2 - k HV l + 2u k HVH = 0. (C.10)

The real solutions

for ky can be found only when

*»(>3 - V i) -a ,2 +2ukHV„ -

< 0.

(C.U)

Rearranging terms on th left hand side gives
( V 2 - V 2) k 2H + -2ukHVH - u 2 < 0,

(C.12)

where V is the magnitude of the background velocity. Examining the above equations leads
the following two possible cases for the propagating wave solution:

kH <

y2 —Trz
A

(C-13)

or
J u 2( v 2 - V 2) + ojVh
k" > ~

~

vfT tft

( ° - 14)

While the above conditions for propagation of the fast magnetosonic waves are exact,
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we can combine these two to obtain one sufficient, but not necessary, condition for the
reflection of the fast mode:
k» <

A
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